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G. A. Bull, London; C. S. Cragoe, Washington, D. C.; John A. Goff, Philadelphia; L. P. 
Harrison, Washington, D. C.; T. J. G. Henry, Toronto; B. H. Jennings, Evanston, IIl.; 
F. G. Keyes, Cambridge, Mass.; R. F. Legget, Ottawa; S. G. Rison, Washington, D. C.; 
P. A. Sheppard, London; J. L. York, Ann Arbor, Mich. 


Long-Range Planning Committee: P. B. Gordon, Chairman; A. J. Hess, L. N. 
Hunter, John W. James, J. D. Kroeker, L. E. Seeley. 


NRC-National Academy of Sciences, Div. of Engrg.: B. H. Jennings (ASHAE 
Representative). 


To Codify Council Policies: J. H. Fox, Chairman; I. W. Cotton, A. W. Edwards, B. 
H. Spurlock, Jr. 


Nominating: B. L. Evans, St. Louis, Chairman; W. O. Stewart, Los Angeles, Secre- 
tary; F. W. Brundage, Kalamazoo; E. L. Crosby, Baltimore; W. J. Collins, Jr., Okla- 
homa City; J. D. Kroeker, Portland, Ore.; A. B. Newton, Wichita, Kans.; W. B. 
Pennock, Ottawa, Ont.; J. D. Slemmons, Columbus, Ohio; R. L. Stinard, New York; 
G. D. Winans, Detroit. Alternates; W. G. Hole, Montreal, Que.; G. A. Linskie, Dallas. 
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Local Chapter Officers—1955 


Arizona 


Organized 1953 
Headquarters, Phoenix 


E. P. Maxwell 
Board of Governors: V. j. Carns 
Arkansas 
Organized 1952 
Headquarters, Little Rock 
ee Jack Franklin, J. L. Brown* 
Vice President..... J. L. Brown, J. W. Thompson* 
Secretary...... J. W. Thompson, H. H. Himstedt* 
H. H. Himstedt, K. A. Pettit* 
Board of Governors: R. . Combs, Luther 
Granderson, Jr., J. C. Lewis, C. H. Miller, 
Fred Tenny 
Atlanta 
Organized 1937 
Headquarters, Atlanta, Ga. 
T. A. Barrow, Jr. 
J. S. Edga 


Board of Governors: J. G. Croley, J. M. laa 


Baltimore 


Organized 1949 
Headquarters, Baltimore, Md. 


E. J. Morris 
Vice President.............. W. G. Robertson, 


Board of Governors: R. E. Dressell, A. M. Norris, 
R. R. Poole, J. K. Wolford 


Baton Rouge 


Organized 1955 
Headquarters, Baton Rouge, La. 


C. S. Woodruff 
A. W. Holland 
Board of Governors: W. :* LaBlanc, W. I. Pol, 
F. W. Stone, Jr. 
Bluegrass 
Organized 1954 
Headquarters, Louisville, Ky. 
Vice President. W. J. Killian 
Secretary ....... R. B. Duggan 


a of Governors: E. C, Arenz, A. E Handmaker, 
yay F. M. Kilroy, E. W. Neel, D. J. 
, E. G. Zanone 


* Filled unexpired term, 
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British Columbia 


Organized 1952 
Headquarters, Vancouver, B. C., Canada 


Cornelius Van Boeyen 


Board of Governors: D. M. Drake, D. B. Leaney 


Central New York 


Organized 1944 
Headquarters, Syracuse 


H. J. Morton 


Board of Governors: S. F. Gilman, E. L. Moyer 


Central Ohio 


Organized 1944 
Headquarters, Columbus 


W. A. Schoonover 

Secretary...... T. R. Walker 

R. C. Liebert 

Board of Governors: J. A. Guy, R. L. Keener, A. F. 
McGovern 


Cincinnati 


Organized 1932 
Headquarters, Cincinnati, Ohio 


R. G. Anderson 
T. D. Reiley 
Board of Governors: E. A. Sobolewski, F. W. 
Wilson 
Connecticut 
Organized 1940 
Headquarters, New Haven 
President..... E. J. Hoagland 
Walter Heywood 
Fritz Honerkamp 
Board of Governors: R. B. Cahoon, C. L. 
L’Hommedieu, J. J. Morro 
Delta 
Organized 1939 


Headquarters, New Orleans, La, 


President..... 
Vice President. 
Secretary 


Board of Governors: J. T. Knight, Jr., jJ. E. 
Leininger 
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Local Chapter Officers—1955 (Continued) 


Empire State Capital 


Organized 1951 
Headquarters, Albany, N. Y. 


ae G. G. Davis 
Secretary-Treasurer.............. J. 


Board of Governors: J. P. Hawn, R. D. Mars! 


M. E. Waddell 


Golden Gate 


Organized 1937 
Headquarters, San Francisco, Calif. 


of ee R. E. Conner, James 
n 


McLac 


Illinois 


Organized 1906 
Headquarters, Chicago 


G. G. Freyder 

.H, G. Gragg 

Secretary Kreisman 

. E. Anderson 

Board of Governors: J. G. eecseeum J. C. Scott, 
C. M. Vreuls 


President 


Indiana 


Organized 1943 
Headquarters, Indianapolis 


Vice President A. O. 

Treasurer 

Board of Governors: W. F. Currise, 
Patterson, J. M. Teskoski 


Inland Empire 


Organized 1950 
Headquarters, Spokane, Wash. 


President F. W. Jenkinson 

J. A. Doyle 

Board of hh ee H. A. Bickel, R. B. Campbell, 
orris 


Iowa 


Organized 1940 
Headquarters, Des Moines 


G. J. Kraai 
Vice President . ..D. E. Schroeder 
Secretary- Treasurer V. A. Schworm 
Board of Governors: L. E. Gnade, W. E. Nanes, 


C. A. Wheeler 
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Kansas 


Organized 1951 
Headquarters, Wichita 


H. M. Skalla 
T. L. Roberts 
A. P. Sullivan 
Board of Governors: R. F. Bauer, O. P. Bullock, 


R. L. Pennington, Charles Yoe 


Kansas City 


Organized 1917 
Headquarters, Kansas City, Mo. 


A. S. Hurt, Jr. 
R. M. Spencer 
S. C. McCann 
. E. Miller 


Board of Governors: J. R. DeRigne, F. K. Ladewig, 
R. B. Luhnow, Jr. 


Manitoba 


Organized 1935 
Headquarters, Winnipeg, Man., Canada 


Vice President. . 

Secretary- -Treasurer. 

Board of Governors: G. A. Blackwell, R. 
Cawker, G. T. Christie, R. M. Fraser, J. 
MacKenzie, A. K. Piercy, H. F. Randall, J. 
Stangl, J. R. Stephenson 


G. 


Massachusetts 


Organized 1912 
Headquarters, Boston 


W. G. Jr. 
E. L. Blair 
Board of Governors: F. J. Butler, J. P. Hoar, B. H. 
Snow 
Memphis 
Organized 1944 
Headquarters, Memphis, Tenn. 
John Hilton, II 
L. V. Eberle, Jr 
. H. Bolding 


Board of ya 4 L. Drake, R. E. Larkin, 
A. W. Shelby, H. H. Wilson 


Miami Valley 


Organized 1950 
Headquarters, Dayton, Ohio 


President...... E. Tullis 
J. B. Rishel 
L. Brehm, Jr. 


Board of Governors: W. D. Banks, C. R. Doudican, 
R. W. Kimmel, F. W. Spencer 


.....D. E. McLeod 
Vice President. . .....F. K. Crouch 
iyre 
lar 
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Local Chapter Officers—1955 (Continued) 


Michigan 


Organized 1916 
Headquarters, Detroit 


J. N. Livermore 
J. H. Spitzley 
enn P. S. Hosman 
Board of Governors: C. J. Henstock, K. J. 
Wagoner, G. S. Whittaker 
Minnesota 
Organized 1918 
Headquarters, Minneapolis 


Board of Governors: A. B. Algren and 


Mississippi 


Organized 1953 
Headquarters, Jackson 


J. E. Davis, Jr. 
L. H. Smith 
Board of Governors: F. L. Cooper and H. 
Thomas 
Montreal 


Organized 1936 
Headquarters, Montreal, Que., Canada 


R. J. Ker 


Board of Governors: Robert Clapperton, W. G. 
Hole, J. G. LeFrancois, D. L. Lindsay, H. G.S. 


Murray 
Nebraska 
Organized 1940 
Headquarters, Omaha 
L. J. Paulsen 
M. F. Stober 


Board of Governors: H. A. Barnard, C. A. Goth, 
W. B Howard 


New Mexico 


Organized 1954 
Headquarters, Albuquerque 


C. R. Wherritt 

Board of Governors: F. H. Bridgers and R. G. 
Merryman 


New York 


Organized 1911 
Headquarters, New York 


W. O. Huebner 

Board of Governors: C. R. Hiers, W. O. Huebner, 
J. M. Levy, W. J. Olvany, R. L. Stinard 


North Jersey 


Organized 1952 
Headquarters, Newark, N. J. 


...C. H. Smith 
W. C. Kruse, Jr. 
M. C. Christesen 


Board of Governors: L. H. 
Morehouse, G. C. He M. Patrick 
North Texas 


Organized 1938 
Headquarters, Dallas 


G. 
Board of Governors: W. E. Frost, E. T. Keck, Jr., 
P. N. Vinther 


Northeastern Oklahoma 


Organized 1948 
Headquarters, Tulsa 


J. T. McKinney 


Board of -—— Fred Colbert, J. C. Netherton, 
Jr., J. N. Watt 


Northern Ohio 


Organized 1916 
Headquarters, Cleveland 


A. Urban 

J. L. Frisse 

Board of Governors: R. E. Leising, D. E. Manner, 
J. R. Venning 


Northern Piedmont 


Organized 1952 
Headquarters, Greensboro, N. C. 


a. of Governors: W. D. Graham, Jr., Arvin 
age 
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Local Chapter Officers—1955 (Continued) 


Oklahoma 


Organized 1935 
Headquarters, Oklahoma City 


F. R. Denham 


Board of Governors: W. J. Collins, op 6.8 . Ervin, 


W. W. Frankfurt 


Ontario 


Organized 1922 
- Headquarters, Toronto, Ont., Canada 


President......... D. L. Angus 
Vice President........ ; ....C. J. Bootes 
Secretary-Treasurer................. H. R. Roth 


Board of Governors: M. C. Bailey, R. A. Ritchie, 
Jack Thompson, Charles Torry 


Oregon 


Organized 1939 
Headquarters, Portland 


| ...W. R. Norte 


Board of Governors: E. E. Kelly, W. Se Oscanyan, 
J. W. Wallace, Jr. 


Ottawa Valley 


Organized 1952 
Headquarters, Ottawa, Ont., Canada 


President 

Vice President 

Secretary 

Treasurer 

Board of Governors: G. A. Gray, J. W. Green, A 
. Hargreaves 


Pacific Northwest 


Organized 1928 
Headquarters, Seattle, 


Merrill W. McKinstry 

H. M. Hendrickson 

Board of Governors: W. T. Scott and H. F. 
Warren 


Philadelphia 


Organized 1916 
Headquarters, Philadelphia, Pa. 


C. J. Lubking 
2nd Vice President. . P. H. Yeomans 


Pittsburgh 


Organized 1919 
Headquarters, Pittsburgh, Pa. 


R. M. Toucey 


Governors: R. J. Doherty and B. 


Rocky Mountain 


Organized 1944 
Headquarters, Denver, Colo. 


W. V. Burbank 
J. V. Berger 


Board of Governors: L. V. Davis, D. D. Pearsall, 
V. F. Vallero 


Sacramento Valley 


Organized 1952 
Headquarters, Sacramento, Calif. 


Vice President........ .V. W. 


Board of Governors: H. D. E. B. Green, 
J. E. Marshall 


St. Louis 


Organized 1918 
Headquarters, St. Louis, Mo. 


Vice President. .W. P. Norris 
Secretary. . 'N. J. Hubbuch 
Board of Governors: G. H. Bemarkt, J. 


Blackmore, W. D. Braden, H. J. Kipp, E. C. 


Kuntz, G. B. Pattiz 


Shreveport 


Organized 1948 
Headquarters, Shreveport, La. 


Vice President........ ane .H. E. Scott 
Secretary....... Jones, Jr. 


Board of Governors: J. L. Collins, Jr., J.S. Malahy, 


Jr., J. H. Reed 


South Carolina 


Organized 1954 
Head quarters, Columbia, S. C. 


J. E. McMurray 

B. A. Leppard 

Board of Governors: F. A. Bailey, Jr. eS 
Demarest, Jr., R. F. Donovan 
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Local Chapter Officers—1955 (Continued) 


South Texas 


Organized 1938 
Headquarters, Houston 


Treasurer. ........ R. S. Sandifer C. V. Chenault* 
Board of Sovmnere E. B. Appling**, C. 
Chenault, J. W. Holland, D. C. McNeil 
Southern California 
Organized 1930 

Headquarters, Los Angeles 


Board of Governors: J. R. Hall, 
C. Taylor, R. W. Thomas 


I. F. Norcross, 


Southern Piedmont 


Organized 1952 
Headquarters, Charlotte, N. C. 


L. F. Lawrence 
x. C. Garrett 
Board of Governors: Stewart Blanton, R. 


Fullerton, C. M. Setzer, Jr. 


Southwest Texas 


Organized 1946 
Headquarters, San Antonio 


J. L. Rea, Jr. 


Board of Governors: E. E. Cravens, L. H. Hornor, 
Jr., D. T. Kern 


Toledo 


Organized 1954 
Headquarters, Toledo, Ohio 


R. O. Benington, Jr. 
Board of Governors: F. A. Pee nah thy G. H. Frost, 

W. D. McKitrick 

Utah 
Organized 1944 
Headquarters, Salt Lake City 

R. C. Evans 
Secretary-Treasurer............ G. E. Wright, Jr. 
Board of Governors: A. R. Curtis, A. A. Maycock, 

D. R. Wilde 


* Filled unexpired term. 
** Filled unexpired term for D. C. McNeil. 
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Virginia 
Organized 1946 
Headquarters, Norfolk 


T. B. Carpenter 

Co R. L. Burton, Jr. 

Board of Governors: W. L. Gibson and Roy 
Wetherington, Jr. 


Washington, D. C. 


Organized 1935 
Headquarters, Washington, D. C. 


Vice H. Broome 
Board of Governors: G. C. F. poe J. S. King, 
H. W. Rush 
West Texas 
Organized 1953 
Headquarters, Lubbock 

Wharton 
Secretary H. L. Mayes 
Treasurer D. G. Halley 


Board of Governors: G. T. Keyton, R. L. Mason, 


L. C. McKay 


Western Massachusetts 


Organized 1955 
Headquarters, Springfield 


Board of Governors: L Lattimer, A. M. 


Lovenberg, K. W. Maki, Victor Petrolatti 


Western Michigan 


Organized 1931 
Headquarters, Grand Rapids 


ee R. J. Waalkes 
Board of Governors: F. W. Brundage, W. W. 
Edwards, G. W. Rynbrand 
Western New York 
Organized 1919 
Headquarters, Buffalo 
C. W. Kaupp 
V. N. Harwood 
M. C. Beman 


Board of Governors: M. C. Beman, Joseph Davis, 
Roswell Farnham, C. W. Stone, Q. P. 
Thompson 


Local Chapter Officers—1955 (Concluded) 


Wisconsin 


Organized 1922 
Headquarters, Milwaukee 


President 
Vice President... 


Treasurer. . 


Board of Governors: L. C. 
Schlichting, O. A. Trostel 


I. J. Rossiter 


Plaehn, w. 


Special Branch 


Switzerland 


Organized 1952 
Headquarters, Zurich 


Vice President. . . 
Secretary 
Treasurer. 
Auditor. ... 


H. C. Bechtler 
John Frei 

. Werner Niederer 
...Walter Hausler 
Werner Gysi 


Student Branches 


North Carolina Staté College 


Organized 1948 
Headquarters, Raleigh 


R. E. Crawford 
.R. W. McDonald 
S. R. Moore 

..R. S. Fowler 
..W. A. Derden 


President...... 
Vice President 
Secretary... 
Treasurer. 
Reporter. . 


Oregon State College 


Organized 1949 
Headquarters, Corvallis 
P. I. Anderson 
..D. W. Strahan 
...R. L. Reiley 


President. 
Secretary. 
Treasurer 


Purdue University 


Organized 1949 
Headquarters, W. Lafayette, Ind. 


President 
Secretary. . 


Texas A. & M. College 


Organized 1946 
Headquarters, College Station 
...H. R. Patterson, Jr. 
..E.M 


. M. Buys, Jr. 
...D. E. Verble 


President 
Vice President... . 
Secretary-Treasurer . 


University of Detroit 


Organized 1949 
Headquarters, Detroit, Mich. 


..V. W. Wiktorowski 
E. F. Hoelscher, Jr. 
R. T. Cronin 


President 

Vice President . 
Secretary-Treasurer 
Reporter 


University of Toronto 


Organized 1951 
Headquarters, Toronto, Ont., Canada 


Sec ; ...R. D. Rodwell 

G. 
; 
..J. W. Deabler 
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TRANSACTIONS 
of 
AmericaN Society oF HEATING 
AND Arr-ConpiITIONING ENGINEERS 


No. 1522 


SPECIAL MEETING JANUARY 22, 1955 
PHILADELPHIA, PA. 


SPECIAL meeting of the Society was called to order at 2:00 p.m. January 
22, 1955 in the Burgundy Room of the Bellevue-Stratford Hotel, Philadelphia, 
Pa., by President L. N. Hunter. The purpose of this meeting was to give notice 
to the members of a proposed amendment to the By-Laws as required by Article 
IX of the By-Laws. 
There being a quorum present as required for the conduct of business, President 
Hunter read the proposed amendment to ARTICLE IV, Section 4: 


“Section 4. Publications. Members of all grades, except Students and dues paying 
members whose prorated dues amount to less than $10.00, shall be entitled to receive 
the Society’s TRANSACTIONS and GUIDE.” 


This would amend the present section Section 4 which is as follows: 


Section 4. Dues to Constitute Subscriptions. Of the annual dues paid by Members, 
Associate Members, Junior Members and Affiliates, a sum equal to the current sub- 
scription price shall be deemed to be a subscription for the JOURNAL, and all such mem- 
bers, except those whose annual or pro rated dues shall amount to less than Five and 
50/100 dollars ($5.50), shall be entitled to receive the Society’s periodical publications. 
Honorary Members, Presidential Members and Life Members shall be entitled to re- 
—- Society’s publications; the Society shall subscribe for the JouRNAL in their 

alf. 


President Hunter then explained some of the reasons for this amendment which 
had been unanimously approved by the Council for submission to the membership. 
The adoption of the amendment to Article IV, Section 4 of the By-Laws means 
that the monthly JourNAL of the Society, incorporated in Heating, Piping & 
Air Conditioning, will no longer go to members as part of their dues. Instead, 
the members will, individually and independently, subscribe for the magazine 
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2 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND AIR-CONDITIONING ENGINEERS 


direct from the publishers. The Society, however, will keep its dues at present 
levels: Members, Associate Members, Affiliates $25.00; and Juniors $15.00. That 
means, to members, an increase in dues equal to the cost of the subscription which 
will be a special rate of $2.00 per year for those in the United States and Canada; 
$3.00 in Mexico and the Pan American Union; and $5.00 for foreign. These are 
preferential rates granted exclusively to Society members under a new 3-year plan 
which was developed by a special committee and approved by Council. 

Like other organizations with rising costs, the Society must find ways of in- 
creasing its income in order to meet the cost of membership services. This ar- 

‘rangement will help substantially. The Society benefits by the retention of the 
money previously paid out of dues for subscriptions. It cuts out costly record 
keeping on subscriptions by having the publisher assume the responsibility of col- 
lections, address changes, etc. Together with these gains, we will receive, in 
addition, an increased payment from the publisher for the editorial material pro- 
vided by the Society. It will be the same JOURNAL, the same Heating, Piping & 
Air Conditioning. The publisher is fully in favor of this new arrangement because 
he prefers to have the subscriptions from members on a voluntary, independent 
basis. The Council recommends this new plan because: 

(1) It helps solve a difficult budget problem. 

(2) It does so at the least possible cost to each member. 

(3) It does not change any of the present services to members. 

(4) It maintains a publishing connection that has been mutually satisfactory 

for over 25 years. 

President Hunter advised the members present that they could discuss the 
By-Law amendment at the opening session of the 61st Annual Meeting on Monday, 
January 24, 1955 when it would be submitted for a vote. 

There being no further discussion, the meeting was adjourned at 2:15 p.m. 


f 


= 


< 


No. 1523 


SIXTY-FIRST ANNUAL MEETING, 1955 


PHILADELPHIA, PENNSYLVANIA 


HE 61st Annual Meeting of the AMERICAN SOCIETY OF HEATING AND AIR- 
CONDITIONING ENGINEERS was held in Philadelphia, Pa., January 24-27. 
Attendance figures included: Members, 1389; Guests, 681; Ladies, 442. There 
was an international flavor to the Meeting with members present from Mexico, 
Australia, England, Belgium and with delegations of engineers from both Holland 
and West Germany. 

Four technical sessions were held in the Bellevue-Stratford Hotel, meeting 
headquarters. Included on the program was an address by Hon. Joseph S. Clark, 
Jr., mayor of Philadelphia, at the welcome luncheon, as well as the entertainment 
feature, Delaware Valley, U.S.A. Frolic on January 24. Many of the ladies took 
advantage of the tour to the beautiful Longwood Gardens near Wilmington, Dela- 
ware. The 61st Annual Banquet on Wednesday night was highlighted by the 
address of Dr. Milton S. Eisenhower, president, The Pennsylvania State Univer- 
sity, who spoke on The United States and Latin America. Retiring Pres. L. N. 
Hunter received the Past-President’s Medal from Past-Pres. M. F. Blankin, while 
C. S. Leopold, Philadelphia, Pa., received the F. Paul Anderson Medal for 1954 
in recognition of his contributions to engineering and the general health and com- 
fort of mankind. 


First Session, Monpay, JANUARY 24, 9:30 A.M. 


President Hunter opened the first technical session in the Clover Room of the 
Bellevue-Stratford Hotel and presented his report covering many of the outstand- 
ing events of the past year, mentioning the re-organization of the Society’s research 
work, progress made on publications and the fact that a regional meeting will be 
held in 1955 for the first time in some years. He also reported that finances of 
the Society were in good condition, the number of chapters had reached a total of 
59 and a regional organization plan had been under study. Membership had 
reached 9900, long range plans were under active consideration. He completed 
his report by pointing out that the change of the Society’s name should be bene- 
ficial and had been carried out with the least possible change in the operations of 
the Society. 


TREASURER’S REPORT 
The treasurer, E. R. Queer, University Park, Pa., gave an interesting summary of 


important figures from the Accountants’ Report. His formal report included the Ac- 
countants’ Report for the fiscal year ending October 31, 1954. 
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4 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND AIR-CONDITIONING ENGINEERS 


Accountant’s Report 
FRANK G. TUSA & CO. 
CERTIFIED PuBLic ACCOUNTANTS 37 Wall St., New York 5, N. Y. 


AMERICAN SociETY OF HEATING AND AIR-CONDITIONING ENGINEERS, INC. 
62 Worth Street 
New York, N. Y. 


Gentlemen: 


Pursuant to your request, we examined the books of account and records of the AMERICAN SOCIETY 
OF HEATING AND AIR-CONDITIONING ENGINEERS, INc.—New York, N. Y. and Cleveland and its related 
funds for the fiscal year ended October 31, 1954 and submit herewith our report. 

The audit covered a verification of the Assets and Liabilities as of the close of business October 31, 
1954. For the fiscal year then ended, the recorded cash receipts were traced into the depositories; the 
cancelled bank checks were inspected and compared with the record of cash disbursements, and the dis- 
bursements were supported by payment vouchers. The dues from members and the interest from invest- 
ments were accounted for. 

A Balance Sheet reflecting the financial condition of the Society as of the close of business October 31, 
1954 is submitted herewith and your attention is directed to the following comments thereon: 


CasH 


The Cash on Deposit was verified by direct communication with commercial and savings banks and the 
balances reported to us were reconciled with those reflected by the books of the Society. A schedule of 
cash is included as a part of this report. 

Checks representing the cash on hand for deposit were inspected by us and the cash on hand was counted. 


MARKETABLE SECURITIES 


The securities shown on the subjoined schedule were verified by direct communication with the Bankers 
Trust Co., where same are deposited for safe-keeping. Securities have been included in the accompanying 
balance sheet at the cost of acquisition plus the accumulated and accrued interest earned thereon. 


AcCOUNTS RECEIVABLE 


Trial balances taken of the membership dues receivable and sundry debtors as of the close of business 
October 31, 1954 were classified and aged as follows: 


MEMBERSHIP 1954 


SunprRyY DEBTORS 


After writing off all receivables known to be uncollectible, it is our opinion that reserves for dues and 
accounts receivable doubtful of collection reflected in the accompanying Balance Sheet are ample to cover 
collection losses that may be incurred. 


RESEARCH FUND ACCOUNTS RECEIVABLE 


The balance due to the Research Fund from the Society as at October 31, 1954 represents the unpaid 
balance of 40% of the dues receivable from members, associates, and affiliates as of such date. 
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61st ANNUAL MEETING PROCEEDINGS, 1955 5 


INVENTORIES 
The following inventories were verified either by physical count or direct communication. 


A schedule of TRANSACTIONS inventories follows: 


Volume Year Quantity Price : Amount 
1-53 1895-1947 4,151 $ .40 $1,660.40 
54 1948 783 1.78 1,393.74 

55 1949 272 2.02 549.44 

56 1950 691 2.08 1,437.28 

57 1951 702 2.275 1,597.05 

58 1952 145 1.796 260.42 

59 1953 544 2.006 1,091.26 


Deposits RECEIVABLE 

The deposit placed with the United Airlines in the sum of $425.00 was verified by direct communica- 
tion. 
ADVANCES 

The indebtedness from employees in New York and Cleveland represents advances to the employees 


retirement plan in the sums of $3,643.46 and $1,331.41 respectively. 


DEFERRED CHARGES 


PERMANENT ASSETS 


The Land and Buildings, Instruments, Equipment and Furniture and Fixtures are reflected on the 
Balance Sheet at cost of acquisition. With the exception of land and buildings all assets have been de- 
preciated at the rate of 10% per annum. During the year fully depreciated Furniture and Fixtures in 
the amount of $55.30 was written off against the reserve. 

In accordance with the resolution adopted by the council at its meeting of January 23, 1949 depreciation 
was not provided on the Buildings for the current fiscal year. 


DEFERRED INCOME 


The prepaid dues and initiation fees by members and candidates for membership have been deferred 
to future operations. The membership classification of the dues prepaid by elected members follows: 


MEMBERSHIP AMOUNT 
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6 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND AIR-CONDITIONING ENGINEERS 


RESERVE FOR TRANSACTIONS 


Out of the original $14,000.00 provided for TRANSACTIONS Volume 59 there remains an unexpended 
balance of $13,962.43 which is reflected in the accompanying Balance Sheet. 


RESERVE FOR BUILDING MAINTENANCE 


On October 31, 1952 the Council voted: 

“That disbursements be made from the Building and Maintenance Reserve Fund as authorized by the 
Building Committee for major items of repair and maintenance, but any balance remaining in the fund 
beyond the expenditures for each year would go into reserve until the Building Maintenance Reserve 
Fund reached a total of $10,000.00." 

The fund had a $4,000.00 balance as at the beginning of the fiscal year. An additional $2,000.00 was 
provided in the budget for the current year. During the year the following major repairs were made 
from proceeds withdrawn from this fund: 


Inasmuch as Council (October 8) authorized expenditures for laboratory repairs, the foregoing ex- 
penditures were made from the Reserve for Building Maintenance Fund, and are not reflected in the 
Statement of Income and Expenses of the Society. As at the end of the current fiscal year, the Building 
Maintenance Reserve Fund had an unexpended Balance of $3,738.00. 

FuNDS 

There is included as a part of this report an analysis of Funds reflecting the changes that occurred therein 
during the fiscal year ended October 31, 1954. 

INSURANCE 


The insurance coverage of the Society follows: 


FIRE 
Personal Property: 
SPRINKLER LEAKAGE 
Hawes and Petit........ 2,000.00 12,000.00 
Non-OWNERSHIP—A UTOMOBILE—COMPREHENSIVE 


GENERAL PuBLic LIABILITY—PREMISES 
New York and Cleveland 


COMMERCIAL BLANKET BoND 


All employees including the President, Treasurer and Chairman of the 
20,000.00 


Respectfully submitted, 


FRANK G. TUSA & CO. 
Certified Public Accountants 


i 


61st ANNUAL MEETING PROCEEDINGS, 1955 7 


BALANCE SHEET 
AMERICAN SOCIETY OF HEATING AND AIR-CONDITIONING ENGINEERS, INC. 


New York, N. Y.—October 31, 1954 


ASSETS 


GENERAL FUNDS 
Society ASSETS 
RESEARCH ASSETS 


PROPERTY FUND 


Leos: Reserve for Depreciation... . 3,908.07 $81,012.89 


Laboratory and Equipment............. 70,156.49 
Less: Reserve for Depreciation...................ceeeeeeceee 40,016.32 30,140.17 


BuILpInG FuND 
Securities 


BUILDING MAINTENANCE RESERVE FUND 


Due from Research General Fund. ...................000eeee 138.00 3,738.00 


Society RESERVE FUND 


Securities at Cost (Market Value $89,204.85)................ 86,346.50 


ENDOWMENT FUND 


F. ANDERSON FUND 
Securities at Cost (Market Value $979.00).................. 1,000.00 


RESEARCH FUND 


RESEARCH RESERVE FUND 


| i 
j 
j 
| 
/ 
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LIABILITIES 
GENERAL FUND 
Federal Withholding Taxes................ $ 1,698.00 
Due Research General Fund. . 3,727.70 
Salaries and Commissions................. Kas $12,023.73 
Sundry Account Payable. . 100.00 
Deferred Income 
Prepaid Membership Dues 
Elected Members....... . $1,616.84 
Prepaid Admission Fees....................... 2,239.75 4,834.84 
Reserve for Publications 
Transactions—Volume 59..... 13,962.43 
Reserve for Fluctuation 
in Canadian Exchange........... 71.23 $ 37,417.93 
RESEARCH FUND 
Sundry Accounts Payable. ................. 116.15 
Due to Building Maintenance Reserve Fund....... 138.00 254.15 
Deferred Income 
Unexpended Earmarked Contributions........ 18,153.43 18,407.58 
NET WORTH 
Research General Fund. 42,822.74 
Property Fund.. 123,207.21 
Building Fund. . 38,347.14 
Building Maintenance Reserve Fund. 3,738.00 j 
Society Reserve Fund.... ae 107,649.14 
F. Paul Anderson Fund. 1,269.79 
Research Endowment Fund. 740.03 ; 
Research Reserve Fund. . 13,102.65 370,679.89 } 
LIABILITIES AND NET WorTH.. $426,505.40 


COMPARATIVE STATEMENT OF INCOME AND EXPENSES 


AMERICAN SOCIETY OF HEATING AND AIR-CONDITIONING ENGINEERS, INC. 


New York, N. Y.—For the fiscal years ended October 31, 1954 and October 31, 1953 


Fiscal Year Ended 
October 31, October 31, Increase 


1954 1953 (Decrease) i 
INCOME 
Income from Dues.... $133,756.91 $123,800.89 $ 9,956.02 


Emblems, Pins, Etc.. . 819.75 1,172.00 ( 352.25) 


| 
} 
} 
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PUBLICATIONS 
RESEARCH 
Contributions—Earmarked. 41,079.96 29,852.00 11,227.96 
EXPENSES 
PUBLICATIONS 
Members Subscriptions to 18,139.37 16,618.29 1,521.08 
RESEARCH 
Building Operation and Maintenance..................... 9,463.39 9,454.06 9.33 
Provision for Building Maintenance Reserve.............. 2,000.00 2,000.00 —0- 
Excess OF EXPENSES OVER INCOME..................4-. $ 15,387.15 $ 21,463.65 $ 6,076.50 


* Other deductions for fiscal year ended October 31, 1953 included $9,690.00 in Admission Fees allocated 
to Reserve Fund. 


REPORT OF COUNCIL 


The organization meeting of the Council was held on January 28, 1954 and four 
regular meetings and two special meetings were held during the year. 

Appointments of Committees were made in accordance with the By-Laws of the 
Society. A one-year vacancy on Council was filled by appointment of B. W. 
Farnes, Portland, Ore. and a vacancy on the Committee on Research was filled by 
appointment of F. K. Hick, M.D., Chicago, III. 

A new director of research was appointed and E. R. Kaiser assumed his new 
duties in the middle of August. 

Approval was given for having By-Laws drafted so that membership require- 
ments would conform to suggested ECPD recommendations. 


; 
} 
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Council proposed a change of name for the Society to include the words, air con- 
ditioning, and this was adopted at a special meeting in New York on November 
22. The new name, AMERICAN SOCIETY OF HEATING AND AIR-CONDITIONING 
ENGINEERS, INC., was filed with the Secretary of State of the State of New York 
was Officially approved and became effective December 8, 1954 

After a publication survey authorized by Council, it was concluded that a change 
in method of publishing the monthly JouRNAL would be advisable so that all 
members could subscribe for the magazine directly to the publisher and, in order 
to do so, a special meeting of the Society was called for January 22 at Philadelphia 
to vote on a necessary By-Law change. 

As required by Section 46 of the Membership Corporations’ Law of the State of New 
York the following report is presented by the Council and filed herewith: 


Assets 
The Society has the following Assets: 
Land and Laboratory Buildings at Cleveland, Ohio... $ 81,012.89 
Furniture and Equipment, Tools, etc., at New York and Cleveland.................. 42,194.32 
On deposit in New York and Cleveland banks... 138,764.73 
Securities (United States and Utility Bonds) with Bankers Trust Co., New York as 
9,503.42 


The Sources of Society Cash Receipts were: Admission Fees and Dues $143,006.16; 
Publications $171,845.64; Interest $1,282.89; From Research $143,642.30—Total 
$459,776.99. Cash Disbursements were: Meetings, Committees and Chapters 
$30,700.30; Publications $127,849.97; Headquarters $143,375.21; Fund Raising 
$10,780.01; Research $159,106.76—Total $471,812.25. 

The Society’s Reserve Fund was increased by the addition of $8,429.50 Admission 
Fees and $2,527.62 Interest earned on Savings Bank Accounts and Securities. This 
is an increase of $10,957.12 bringing the Reserve Fund to $107,649.14. 

Now in the Custodian Account of the Bankers Trust Co., New York, there are se- 
curities of the United States and Canadian Governments and a utility which cost: 
General Fund $3,782.36; Building Fund $34,304.00; Reserve Fund $86,346.50; and 
F. Paul Anderson Fund $1,000.00. The Research Reserve Fund now amounts to 
$13,102.65. 


Liabilities 
The Society has the following Liabilities: 
Deferred Income: 
Research Projects.......... 18,153.43 
Prepaid Dues, Initiation Fees, etc. ‘ , 4,834.84 
Reserve for 
Fluctuation in Canadian Exchange. . . 71.23 
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At the end of the fiscal year, October 31, 1954, the Balance Sheet shows the Society’s 
Net Worth as $370,679.89 compared to $381,955.09 on October 31, 1953, a net loss of 
$11,275.20. 


The insurance coverage of the Society is as follows: Fire for Buildings $201,000.00; 
for Contents $141,500.00; Sprinkler $12,000.00; Automobile Comprehensive Public 
Liability $100,000-300,000.00; Property Damage $25,000.00; Medical Payments 
$1,000.00; Bodily Injury $25,000-100,000.00; Fidelity Bonds on Officers and all Em- 
ployees $20,000.00. Workmen’s Compensation is carried in New York and Ohio as 
required by law. 


The Society has contributed to the Employees Retirement Plan Trust $2,129.85 
and the participating employees contributed a similar amount deducted from salary. 


Total cash in New York and Cleveland banks $138,764.73; consisting of $46,550.97 
in General Operating Fund, $18,444.29 in Reserve Fund, $257.29 in F. Paul Anderson 
Fund, $55,218.26 in the Research General Fund, $13,102.65 in Research Reserve, 
$740.03 in Research Endowment, $3,600.00 in Building Maintenance Reserve Fund 
and $851.24 in the Building Fund. 


Membership 


The Society admitted the following members in the grades indicated since January 
1, 1954: 


The names and addresses of the candidates for membership were published in the 
JourNAL of the Society each month during the year and are on record in the Secre- 
tary’s office. The present membership total is 9,920. 


Respectfully submitted, 


L. N. Hunter, President 
E. R. QUEER, Treasurer 


President Hunter stated that the next order of business was to give attention 
to two proposed amendments to the By-Laws of the Society. 


The first of these is an amendment to Article VII, Section 3 (h), on which 
the members had been given notification at the Swampscott Meeting and Presi- 
dent Hunter called for a motion on this proposed change. John Everetts, Jr., Phila- 
delphia, Pa., moved that the proposed change in Article VII, Section 3 (h), 
paragraph 5 of the By-Laws be adopted and this was seconded by A. W. Edwards, 
Cincinnati, Ohio. 


President Hunter then read the proposed By-Law change which is as follows: 


The Committee-on Research shall recommend to the Council for appointment a Director of Research 
whose activities, proceedings and reports shall be subject to the direction of the Committee and the ap- 
proval of the Council. The salary of the Director of Research shall be fixed by the Council upon the 
recommendation of the Committee on Research, and his employment may be terminated in the Council's 


discretion. 
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Since there were no objections to a vote by a show of hands, the motion was 
put to a vote using that method and was unanimously adopted. 

President Hunter then drew attention to the second By-Law change which 
pertains to Article IV, Section 4 of the By-Laws, and having todo with JouRNAL 
subscriptions. Notification to the membership concerning this proposed change 
had been covered by calling a special meeting of the Society on Saturday, January 
22, 1955 at 2:00 p.m. at the Bellevue-Stratford Hotel in Philadelphia. 

President Hunter stated that the proposed amendment to Article IV, Section 
4 reads: 


Members of all grades, except Students and dues paying members whose pro-rated dues amount to less 
than $10.00, shall be entitled to receive the Society’s TRANSACTIONS and THE GUIDE. 


Section Vice Pres. John W. James, Chicago, IIl., moved the adoption of this 
By-Law change and the motion was seconded by Mr. Everetts. 

Following the discussion of the motion, a vote by secret ballot was taken. Presi- 
dent Hunter appointed A. W. Edwards as chairman of a teller’s committee to 
serve with R. T. Kern, Fitchburg, Mass., J. S. Locke, Minneapolis, Minn., and 
R. S. Dill, Washington, D. C. 

When the tellers completed their count, President Hunter announced that the 
motion had carried by a vote of 116 for the motion and 35 against, constituting 
more than a 2/3 majority. 

President Hunter then turned the meeting over to E. F. Snyder, Jr., Minneapo- 
lis, Minn., who presided during the presentation and discussion of three technical 
papers (see Program, p. 22). 

Following the presentation of the papers, the session was adjourned at 12:00 
noon by President Hunter. 


SECOND TECHNICAL SESSION, TUESDAY, JANUARY 25, 9:30 A.M. 


The second technical session was called to order at 9:30 a.m. by First Vice Pres. 
John E. Haines who introduced R. S. Dill, chairman of the Committee on Re- 
search who presented the Annual Report of that committee. 


ANNUAL REPORT OF COMMITTEE ON RESEARCH—1954 


The research program in early 1954 was handicapped by certain problems. In par- 
ticular, the Laboratory Staff had been depleted by resignations and lack of suitable 
replacements, and no director of research had been appointed. Danger, therefore, 
existed that the work might be seriously impeded. Under these circumstances the 
Committee on Research was glad to have the advice and assistance of Council and 
other Society members. In particular we had the advantage of a president with an 
interest and much past experience in research. Pres. L. N. Hunter was a very active 
participant in our search for a man to conduct a broad-scale research program and, 
chiefly as a result of his efforts, E. R. Kaiser was appointed. I can now report that 
several personnel vacancies have been filled, new projects have been activated, old 
projects were completed with important results and the budget was increased for the 
current year. In general it appears that the Research Program is being and will con- 
tinue to be vigorously pushed. 

On August 15, Mr. Kaiser assumed his duties as director of research, with headquarters 
at the Research Laboratory. He is responsible for the programs at the Laboratory 
and the cooperating institutions, and for the research fund raising, the latter under the 
guidance of the Finance Committee. 
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C. M. Humphreys served very efficiently as acting director of research after the 
demise of Cyril Tasker and won the admiration of his numerous friends on the Com- 
mittee and in the Society generally while carrying a double load. 


BUDGET AND FINANCES 


The research budget for the fiscal year ending October 31, 1954, was $177,450, es- 
sentially the same level as during the previous year, and receipts equalled the budget. 
The expenditures were slightly under the budget because personnel was not available 
to undertake some of the work planned. 

Plans for an expanded fund-raising campaign under Mr. Kaiser’s direction are being 
formulated with the Finance Committee of the Society and with the advice of the 
Ways and Means Committee and the executive secretary. More publicity is also in 
prospect for the research through the combined activities of a new public relations 
director at the Society headquarters and the director of research. 


LABORATORY STAFF 


The Laboratory gained several new staff members in replacement of normal turn- 
over and as additions to help activate projects. Four members of the key technical 
staff have been at the Laboratory for 10 years. Promotions in responsibility and title 
have been given to several engineers. Before the year’s end a new staff organization 
chart was approved. 

The staff will be augmented as the program grows but was balanced before the end 
of the year to conduct the work outlined within the funds available. 


CoMMITTEE ACTIVITIES 


The Committee on Research held four meetings during the year, two at the 60th 
Annual Meeting in Houston, one at the Semi-Annual Meeting in Swampscott, and one 
at the Laboratory. In addition, the Research Executive Committee met six times. 
The members of the committee have also been commendably diligent in attending 31 
meetings of the Technical Advisory Committees on which they also serve, and in cor- 
respondence and liaison activities with other organizations. 

Twenty Technical Advisory Committees, three coordinating committees, and 14 sub- 
committees, organized by specific fields of activity, were manned during the year by 
259 experts from industry, universities, scientific laboratories, and consulting practice. 
Some members served on more than one committee. A total attendance of 271 com- 
mittee members and 145 visitors was recorded at the committee meetings. 

The Technical Advisory Committees considered progress reports, reviewed the 
technical papers, and recommended projects for inclusion in the budget. The prac- 
tical touch and professional contacts throughout the industry were of invaluable as- 
sistance to the researchers. The exchange of viewpoints and experience among the 
members at the meetings was an additional incentive to attendance. 

The chairman wishes to express his appreciation to all those who gave so liberally 
of their experience and time to the committee work during the two years of his tenure 
as chairman. 

In behalf of the Committee and the Technical Advisory Committees special thanks 
are given to Miss Ilse M. Jahn, secretary to the Committee, under whose able direction 
the minutes of the many meetings were excellently taken, transcribed, edited, and 
distributed. 


RESEARCH POLICY AND PLANNING 


The policies and procedures with respect to the functions and responsibilities of the 
Committee on Research, the director of research, and the Technical Advisory Commit- 
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tees are outlined in an Operational Guide, which has been approved by Council. The 
director is responsible to the Council and Society through the Committee on Research. 

Weare glad to report that the new director is reviewing the research papers editorially 
with a view to improving their understandability and value to the general membership. 
Authors, particularly mathematicians, often employ terms peculiar to their own fields 
so that many readers find it difficult if not impossible to follow their argument or even 
understand their conclusions. 

A Long-Range Research Program has been functioning for more than a year. The 
research program is constantly under scrutiny and review. 


RESEARCH PROJECTS 


During the fiscal year ending October 31, 1954, there were nine active projects at 
the Research Laboratory in Cleveland and 14 cooperative research projects at 11 
institutions over the country. The report of the director of research provides a review 
of these projects and the accomplishments. 


RESEARCH PAPERS 


The Research Program yielded 13 papers for presentation at meetings and for pub- 
lication in the ASHAE Journat Section, Heating, Piping & Air Conditioning. Six 
papers were presented at the 1954 Semi-Annual Meeting in Swampscott and seven 
were made available for the Annual Meeting in Philadelphia in January 1955. 


REPORT OF THE DIRECTOR OF RESEARCH 


The objective of the research program is the discovery of basic scientific facts and 
the development of useful data and relationships in heating, cooling, ventilating and 
air conditioning. All of the factors ranging from weather and physical environments 
to human response and sensations are of interest. New trends in mechanical equip- 
ment and building construction are included. 

Beyond the purely scientific and applied research, better presentation of results, and 
greater educational and public relations efforts are part of the responsibility of the 
research team. 

The work of the Society’s Research Laboratory in Cleveland is supplemented by 
projects under contract with cooperating institutions. 

Guidance by the Committee on Research and the Technical Advisory Committees 
on been invaluable to technical progress and to maintaining high morale and enthusiasm 
among the researchers. 


STAFF 


During 1954 the Research Laboratory obtained two additional trained staff members. 
Several experienced members of the staff were promoted for clearer definition of responsi- 
bility and authority. 

C. M. Humphreys, formerly senior engineer, was named assistant director of research 
with responsibility on cooperative projects and committee activities, as well as numer- 
ous other activities. G. V. Parmelee was made senior research supervisor of heat 
transfer. He has oe“ an international reputation in solar radiation through glass 
and in allied fields. L. F. Schutrum, research supervisor, is in charge of work being 
done in the Environment 5; cto Rk. G. Huebscher, a ten-year man, was promoted 
to research supervisor. 


EQUIPMENT AND FACILITIES 


Two test rooms for odor studies were completed in 1954. No other major equipment 
was acquired. The Laboratory is well equipped with smaller instrumentation for 


= 
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studies of most factors in air conditioning, but may need computing or analogue equip- 
ment for studies of periodic heat flow. 

Renovation of several staff offices, repainting of the office exterior, and major roof 
repairs were completed. 


AIR CLEANING 


Early in 1954 the TAC on Air Cleaning adopted a new scope and objective, to study 
the basic character of the contaminants present in the air and the factors influencing their 
removal ... Limited to air delivered to confined spaces (such as rooms and ventilating 
systems) the goal is to make available information necessary for the development of 
standard methods for testing and rating air-cleaning devices and to aid in the selection 
of air cleaners 

Air Filtration Research Project (University of Minnesota): The cooperative project 
was established to complete the development of an improved centrifugal sedimentation 
apparatus for measuring particle-size distribution in samples obtained from the atmos- 
phere, such as would enter buildings. The method was developed by K. T. Whitby 
and associates. The method requires representative dust samples of less than one 

ram. 
’ An extensive search of the literature on air pollution has been made. A technical 
paper was completed for presentation. Other apparatus was also assembled to collect 
dust samples and to study the discoloration (blackening) effect caused by minute 
particulate matter. 


Arr DISTRIBUTION 


During 1954 four research projects were under way under the guidance of the TAC 
on Air Distribution. 

Air Flow from Annular Slots, Ceiling Plaques and Circular Diffusers (Case Institute 
of Technology): Research resulting in two papers was completed and reported. 

A paper on Performance and Evaluation of Room Air Distribution has been pre- 
pared for early presentation. An extensive test plant was built for the latter studies. 
Flow patterns were explored for several methods of air distribution when heating with 
low-temperature air, as from heat-pump systems. 

Downward Projection of Heated Air (Kansas State College): At the 1954 Semi-Annual 
Meeting, a paper reported on the downward projection of air from a unit heater fitted 
with three different types of outlets, viz.: annular, deep conical, and shallow diffuser. 
Data on throw were correlated with conditions at the outlet, and temperature and 
velocity profiles over a distance of 5 ft down from the outlet were presented. 

Friction in Rectangular Branch Take-Off Fittings (Michigan State College): Experi- 
mental work has been completed and a paper is in preparation. 

Pitot-Tube Studies (ASHAE Research Laboratory): A literature search was completed 
to determine the possibilities and accuracies of standard and smaller Pitot tubes for 
use in air-flow measurements in pipes under 8-in. diam. 


COMBUSTION 


Major research with the joint financial support of the American Gas Association, the 
Oil Heat Institute, and ASHAE was started in June under the guidance of the TAC on 
Combustion. 

Pulsations and Resonance in Domestic Oil- and Gas-Fired Heating Equipment (Battelle 
Memorial Institute): During the first seven months Battelle conducted a survey of 
eight installations and measured resonance frequencies of 11 to 76 cycles per sec,—a 
low hum. A study of the pulsations in laboratory installations showed that a standing 
pressure wave existed in the furnace and gas passes, as in an organ pipe. The ampli- 
tudes were maximum in the furnace and decreased to near zero at an open check damper 
or back-draft diverter in the flue pipe. The frequencies could be varied by changing 
the position of the barometric damper on the flue pipe. Air-fuel ratio was also a factor. 
Motion pictures of the flames were taken for frame-by-frame study. 

As the origin of the noise is at the burner and in the flame, special test furnaces are 
being fabricated for more detailed study of the factors. No papers have been published. 


‘al i 
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CootinGc Loap 


All of the work done during 1954 under the guidance of the TAC on Cooling Load, 
had as its goal the development of more accurate methods of determining instantaneous 
loads of cooling equipment during daily cycles of heat gains to structures. 

Air-Conditioning Thermal Circuit (ASHAE Research Laboratory): The thermal circuit 
technique of calculating heating and cooling loads was developed at the Laboratory 
several years ago. The instantaneous equipment load for a single room was calculated 
and compared with results obtained by conventional methods which neglect thermal 
storage. As an extension of the problem, the heat-flow equations were rewritten to 
include the solar radiation directly transmitted through the glass portion of an outer 
wall. Further work is in progress. 

The results show that the present method used in THE GUIDE overestimates the in- 
stantaneous load. 

During the year the Laboratory staff became familiar with the application of the 
differential equation analyzer to the solution of thermal-circuit problems. The analyzer 
was utilized to calculate instantaneous cooling loads for a room having shaded windows 
and cooled by a ceiling panel in combination with an air system. Results will be pre- 
sented in a future paper. 

Thermal Circuit Techniques Applied to Heating and Cooling Problems (University of 
California): During the summer of 1953 the thermal performance of a one-room test 
house was observed under actual weather conditions for a period of several days. The 
house was neither heated nor cooled. 

The thermal behavior of the same house, when subjected to the same diurnal cycles, 
was then predicted by solving the thermal circuit representing the idealized system by 
means of a thermal-electrical analogue. An extensive report was received and is being 
condensed for a technical paper. 

Periodic Heat Flow Through Roof Sections (ASHAE Research Laboratory): Tests 
have been conducted to compare periodic rates of heat flow for multi-layer construction, 
computed by application of the theory developed by Mackey and Wright, with heat- 
flow rates measured under actual weather conditions. Two roof sections were tested, 
the heavier of which consisted of 3-in. concrete, 2-in. rigid insulation, and built-up 
roofing. Analysis of the data is almost completed, and a paper presenting the results 
will be prepared. 

Selecting Design Conditions from Summer Weather Data (ASHAE Research Laboratory) : 
The objective of the study was to develop a method for analyzing summer weather 
data for selecting design weather values of dry-bulb and wet-bulb temperatures and of 
solar radiation. The method was to be applicable for different types of buildings and 
for local weather data in different localities. 

Sol-air temperature data for New Orleans were prepared previously under a co- 
operative agreement with Tulane University. The data were then modified to take 
into account the low-temperature radiant exchange with the atmosphere and the ground. 

A method has been developed for analyzing local weather data to determine the 
design weather conditions for summer cooling. A paper has been prepared which will 
be presented in 1955. 


EVAPORATIVE COOLING 
The TAC on Evaporative Cooling is concerned with the study of problems relating to 
the transfer of heat and mass in the evaporative cooling of fluids. Three subcommittees 


are active in studying the problems with cooling towers, evaporative condensers and 
evaporative air cooling. 


Heat FLow THrouGH GLAss 


Early in 1954 work was started at the Laboratory on a study of heat flow through 
skylight fenestration, under the guidance of the TAC on Heat Flow Through Glass. 

Tests were made on prismatic and diffusing-type glass block skylight units. Work 
was also done on the performance of slat-type skylight shading devices. 

Experimentation on the shading of vertical sunlit glass was completed, but some 
analytical work still remains to be done. A paper, Convection and Radiation Gain 
from Windows with Slat-Type Sunshades, is being prepared. 


| 

| 


61st ANNUAL MEETING PROCEEDINGS, 1955 17 


Two other papers are in prospect. One of these will be on the combined effect of 
low-velocity forced convection and coincident thermal convection on the surface con- 
ductance of a smooth plate. The other will be on the calibration of pyrheliometers. 


Heat Pump 


The TAC on the Heat Pump is interested in solar radiation as a heat source for heat- 
ing structures with heat pumps. Information on means of collecting the available 
solar energy is desired. The solar heat absorber may be an alternate to ground coils, 
wells and air as a heat source. 

Solar-Energy Absorber Studies (University of Minnesota): Work has proceeded in 
three areas as listed: 


1. Construction and instrumentation of solar absorbers for field tests. 
2. Pyrheliometer studies of solar radiation intensities on horizontal and vertical surfaces. 
3. Theoretical studies of cloudless day radiation. 


Construction and instrumentation of the collectors is essentially completed. During 
1955 field data will be collected and compared with the results of analytical studies. 

Two pyrheliometers were obtained and calibrated and readings of solar radiation 
intensities on horizontal and vertical surfaces will be made during 1955. 

Theoretical studies of cloudless day radiation have been completed, and a paper 
has been presented. 


HEATING LoAp 


Study of Infiltration in a Residence Using the Tracer-Gas Technique (University of 
Illinois): Some time ago it was proposed that infiltration be studied by measuring the 
rate of decline in concentration of a tracer gas, such as helium, introduced into a room 
or building. A gas analyzer was purchased for this purpose and installed in the Warm 
Air Research Residence No. 2, at the University of Illinois. Tests will be made during 
the 1954-55 heating season under a variety of weather conditions. Infiltration rates, 
as determined by the rate of decay of helium content, are to be correlated with the 
indoor-outdoor pressure differential. 


Hot WATER AND STEAM HEATING 


Included under the guidance of the TAC on Hot Water and Steam Heating are four 
projects on noise in piping, gas in hot-water systems, and the metastable state of water. 

Noise in Piping Systems (Northwestern University): To learn more about the cause 
and transmission of noise in piping, a cooperative research project was undertaken. 
Instrumentation has been developed to measure sounds in the water and in the air. 
Results of tests were reported on sound made with a 20-ft. test section of 1-in. pipe, 
with flow through pipe, orifices, elbows and valves. Additional testing has been done 
at higher temperatures and an additional pipe size. 

Metastable State of Water (Northwestern University): The first step was to demonstrate 
that water exists in a metastable state. This was first shown in a glass vessel, and by 
gradually reducing the pressure during heating, the condition was also produced at 
lower magnitude in a metal vessel with a smooth inner surface. 

It is too early to establish whether the metastable condition can be reproduced in 
larger metal vessels to be a factor in boilers, but the investigation is continuing. 

Air Entrainment in Hot-Water Heating Systems (University of Florida): The en- 
trainment of air or other gases in horizontal runs of piping was demonstrated in a con- 
vector system of a University dormitory. The gas was vented through automatic air 
vents. 

The investigation is being continued in the laboratory with a complex piping system 
and convectors to determine whether entrainment could be used to carry the gas back 
to ’ boiler, where it could be separated from the water and put into the compression 
tank. 

Venting of Hot-Water Heating Systems (University of Illinois): The objectives of the 
project are to investigate the factors affecting (1) the formation of gas, (2) the separa- 
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tion of gas from the water in a one-pipe forced-circulation hot-water heating system, 
and (3) the entrainment of gas by water as it moves through the system. 

A test system has been constructed for the study and the calibration of flow meters, 
and other instrumentation is essentially completed. Glass inspection sections are in- 
corporated to permit the observation of gas bubble formation and movement. 

Tests will be made at various water temperatures, velocities and pressures under 
several different cycles of operation. Chemical analyses will be made of the water 
in the system and of the gases removed from it. 


HuMAN CALORIMETRY 


Under the guidance of the TAC on Human Calorimetry, the Laboratory constructed 
and tested a human calorimeter for the Naval Medical Research Center at Bethesda, 
Md. The equipment has been moved to and installed at the Center. 


INDUSTRIAL ENVIRONMENT 


Design of Local Exhaust Ventilation for Hot Industrial Processes (University of Pitts- 
burgh): The objective of the project, under the guidance of the TAC on Industrial En- 
vironment, is to relate the volume and pattern of the convected air stream arising from 
a hot body with the rate of heat release, surface temperature and physical dimensions 
of the body. The relation between the convection flow and the requirements of exhaust 
ventilation for canopy and lateral hoods is also to be determined. 

Progress on this difficult project was reported in 1953, but no definite results have 
been reported for 1954. 


INSULATION 


Under the guidance of the TAC on Insulation, the Laboratory staff collected thermal- 
conductivity data (k factors) on insulating materials for THE GuIDE. The TAC re- 
viewed the data and prepared tables of recommended design values for use when cal- 
culating heat transfer through building materials and pipe insulation materials. These 
tables are included in THE GurpeE, 1955. 


Opors 


A study of odor problems, including the formation, methods of measurement and 
control, and the physiological reactions to them is the ‘objective of the TAC on Odors. 

The project on the effect of temperature and humidity on the perception of odors 
was begun in July. After training a panel of staff members to observe odor intensity 
and quality, tests were conducted with three odorants over a range of air humidities 
and temperatures. 

Preliminary observations showed that air temperature had a minor effect, while 
absolute humidity had a significant effect, the higher humidities causing a reduction 
in observed odor intensity. 

Quantitative verification of the adaptation to odors in a few minutes by human 
subjects was also obtained by noting the decline in intensity of odor perception with 
time of exposure. Constant odor intensity was maintained in the room. 

Ventilation Requirements for Cigarette Smoke (Harvard School of Public Health): A 
paper on this subject was prepared by C. P. Yaglou. It describes the effects on occu- 
pants with ventilation rates of 6 to 60 cfm per smoker. 


PANEL HEATING AND COOLING 


Several years ago a special room was constructed in the ASHAE Research Laboratory 
for the study of heat transfer with a panel-heated space. Numerous papers have re- 
sulted from the program in this Environment Laboratory, and the program is scheduled 
for completion in the spring of 1955. 

Incidental to the study, measurements of angular emissivity of heat from painted 
surfaces, oxidized metals and roofing asphalt were made and reported. 
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Work will be in progress to investigate the effect of ceiling-panel cooling with lights 
and internal heat sources in the room, the effect of ceiling height, and the influence of 
cooled air introduced through a wall register and ceiling diffusers. 

A paper has been drafted on design procedures for ceiling panels, and one is being 
written for floor panels. 

The research has had the guidance of the TAC on Panel Heating and Cooling, and 
four subcommittees. 


PHYSIOLOGICAL RESEARCH 


Physiological Research (University of Illinois Medical School): The paper, Physio- 
logical Responses to Sudden Changes in Atmospheric Environment: Studies of Normal 
aes Obese, Hyperthyroid and Hypothyroid Patients, presented in June, completed 
the project. 


PLANT AND ANIMAL HUSBANDRY 


The possibilities of air conditioning on plant and animal growth and product yields 
have hardly been touched. The TAC on Plant and Animal Husbandry is considering 
the scope of the subject which would be appropriate to the Society and is expected 
to suggest programs in the near future. 


SENSATIONS OF COMFORT 


The classical work of Houghton and others has been discussed by the TAC on Sen- 
sations of Comfort with a view toward new studies. The effect of radiation, air velocity, 
temperature and humidity is to be investigated at the Laboratory when the Environ- 
ment Laboratory is available. Two psychrometric rooms will be provided by parti- 
tioning the present room. 


SORPTION 


Dynamic Characteristics of a Solid Adsorbent (Pennsylvania State University): Al- 
though the ability of certain adsorbent materials to remove moisture from air is known 
and utilized by engineers, very little basic information regarding the physics of sorption 
is available. 

A method of determining and expressing the performance characteristics of a solid 
adsorbent was developed. The basic factors of practical sorbent processes were investi- 
gated experimentally, and the results were expressed graphically and in equations. 
The results, including sample calculations, were reported in a technical paper to be 
presented in coming months. 

The TAC on Sorption guided the program. 


SOUND AND VIBRATION CONTROL 


The TAC on Sound and Vibration Control has accepted with slight modification the 
outline of research problems recommended by the Engineering Subcommittee of the 
National Fan Manufacturers Association. 

A paper on instrumentation and measurement of sound has been prepared which 
outlines projects from which a selection can be made. 


WEATHER DATA 


The TAC on Weather Data has surveyed the use of weather data by hundreds of 
engineers. It is also in touch with the Weather Bureau and. the armed services to 
develop a program for obtaining the weather data needed by the profession. 


Mr. Dill then introduced successively the authors of the three technical papers 
which were presented and discussed. 

The session concluded with the report of the Inspectors of Election which was 
presented by W. C. Reamy, chairman. 
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REPORT OF INSPECTORS OF ELECTION 


Ballot for Officers Total 
First Vice President, John W. James, Chicago, Ill........... 2148 
Second Vice President, P. B. Gordon, New York, N. Y¥..... 2144 
Treasurer, E. R. Queer, State College, Pa................. 2147 

Members of Council (Three-Year Term) 

Member of Council (One-Year Term) 

Committee on Research (Three-Year Term) 

R. C. Chewning, Portland, Ore.......... 
N. B. Hutcheon, Ottawa, Canada.................. ... 2146 


Scattering votes: President 6; 2nd Vice President 4; Treasurer 1; Members of Council 10; and Committee 
on Research 5. 
Respectfully submitted, 
W. C. ReEamy, Jr., Chairman 
H. H. Erickson 
C. H. 


Following receipt of the report the meeting was adjourned at 12:00 noon. 


THIRD TECHNICAL SESSION, WEDNESDAY, JANUARY 26, 9:30 A.M. 


The third technical session was called to order by Second Vice Pres. John W. 
James who introduced Treas. E. R. Queer who presided as chairman during the 
presentation of the technical papers. 

Four technical papers were presented and discussed. Professor Queer then 
turned the chair over to Mr. Haines who adjourned the session at 12:00 noon. 


FourTH TECHNICAL SESSION, THURSDAY, JANUARY 27, 9:30 A.M. 


The fourth and last technical session of the meeting was called to order by Pres. 
L. N. Hunter at 9:30 a.m. He at once introduced Linn Helander, Manhattan, 
Kans., who acted as chairman of the technical session and introduced the authors 
of the three technical papers. 

At the conclusion of the discussion of the three papers, President Hunter re- 
sumed the chair and called for the report of the Resolutions Committee. The 
report was presented by Reg. F. Taylor, chairman, and was adopted unanimously. 


RESOLUTIONS 


WHEREAS, the first Annual Meeting of the Society under its new name, the AMERI- 
CAN SOCIETY OF HEATING AND AIR-CONDITIONING ENGINEERS, INC., and the 61st Annual 
Meeting since its inception is now about to end, and 
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WHEREAS, the meeting was held in Philadelphia, a City famed for its Brotherly Love, 
Pigeons anda history reaching back to the time of our forefathers; a City which was the 
home of our Patron Saint Benjamin Franklin, and 


WHEREAS, under the excellent direction of our Officers and Staff, the aims of the 
Society have been much advanced through the presentation of technical papers at the 
Technical Sessions, of value not only to the profession but also to the general public, and 


WHEREAS, the Philadelphia Chapter, through its Committee on Arrangements, of 
which M. F. Blankin is honorary chairman, J. W. McElgin, general chairman, and 
John Everetts, Jr., vice chairman, has ably provided an entertaining program and has 
been solicitous of ‘the welfare and comfort of its guests, and 


WHEREAS, the 12th International Heating and Air-Conditioning Exposition con- 
tinues its excellent record of size and quality, with each succeeding Exposition outdoing 
the previous one; therefore 


BE IT RESOLVED that we express our sincere gratitude and thanks: 


TO the Philadelphia Chapter, its officers and committees who have made this an 
outstanding meeting, 


TO J. W. McElgin, general chairman, and John Everetts, Jr., vice chairman of the 
Committee on Arrangements, for their successful efforts in conducting a pleasant meet- 
ing, 

TO the Honorable Joseph S. Clark, Jr., Mayor of Philadelphia and the City of Phila- 
delphia for their kindly welcome and hospitality, 

TO the hotel managements who have been thoughtful of our needs and comfort, 

TO the authors of the technical papers and those who participated in the discussions, 


TO the Philadelphia Chamber of Commerce and Convention Bureau for their as- 
sistance and efforts toward making this a successful meeting, 


TO the daily and technical press, radio and television for the publicity given our 
activities, thereby informing the public of the Society’s aim to improve the health and 
comfort of mankind, 


TO the ladies of the Philadelphia Chapter for their untiring efforts in extending 
hospitality to the visiting ladies, 

TO A, J. Nesbitt for his excellent presentation of our guests and speakers at the 
Wednesday night banquet and to Rev. Lewis A. Briner for his invocation, 


TO Dr. Milton S. Eisenhower for his enlightening address on the United States and 
Latin America, 


TO C. S. Leopold, for his contributions to engineering and the general health and 
comfort of mankind, thus furthering the aims of the Society; his accomplishments hav- 
ing been recognized by the award of the F. Paul Anderson Medal, and 


TO Pres, L. N. Hunter, the officers and committees, and to all others who have con- 
tributed their time and efforts to insure a successful meeting. 
Respectfully submitted, 
The Resolutions Committee 


Rec. F. Taytor, Chairman, Houston, Tex. 
R. S. Washington, D. C. 
S. C. GALE, Vancouver, B. C. 


(The installation of the officers was conducted at the Banquet on Wednesday 
evening.) The technical session was adjourned at 12:00 noon. 
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9:30 a.m. 
1:30 p.m. 


9:30 a.m. 
10:00 a.m. 
2:00 p.m. 


10:00 a.m. 
10:00 a.m. 
4:00 p.m. 
4:00 p.m. 


9:00 a.m. 
9:30 a.m. 


12:15 p.m. 


2:00 p.m. 
2:00 p.m. 


2:00 p.m. 
2:00 p.m. 
2:00 p.m. 
2:00 p.m. 
2:00 p.m. 


4:00 p.m. 
4:00 p.m. 


PROGRAM-61ist ANNUAL MEETING 


The Bellevue-Stratford Hotel, Philadelphia, Penna. 
January 24-27, 1955 


Friday—January 21 


Executive Committee (Room 105) 
Finance Committee (Room 105) 


Saturday—January 22 


Council Meeting (Blue Room) 
REGISTRATION (Lobby Floor—Burgundy Room) 
Research Executive Committee (Room 104) 


Sunday—January 23 


REGISTRATION (Lobby Floor—Burgundy Room) 

Committee on Research (Red Room) 

Welcome Tea (Clover Room) 

Chapters Conference Committee (South Garden—18th Floor) 


Monday—January 24 


REGISTRATION (Lobby Floor—Burgundy Room) 
First TECHNICAL SEssION (Clover Room) 

Call to Order by Pres. L. N. Hunter 

Report of Officers and Council 

Amendments to By-Laws 

E. F. Snyder, Jr., Chairman 


Ventilation Requirements for Cigarette Smoke, by C. P. Yaglou, Boston 


Mass., presented by Prof. Yaglou. 


Evaluation of Panel-Type Air Cleaners by Means of Atmospheric Dust, 
by H. A. Endres, W. T. Van Orman and R. P. Carter, Jr., Akron, Ohio, 


presented by Mr. Van Orman. 


A Rapid General Purpose Centrifuge Sedimentation Method for Meas- 
urement of Size Distribution of Small Particles, Part I—Apparatus 
and Method, by K. T. Whitby, Minneapolis, Minn., presented by Mr. 


Whitby. 
Welcome Luncheon (Ballroom) 
Speaker: Hon. Joseph S. Clark, Jr., Mayor of Philadelphia 
Ladies Bus Trip: Historic Philadelphia or Art Museum 


ExpositioN—Opening of 12th International Heating and Air-Conditioning 


Exposition (Commercial Museum) 


Exhibit will close daily at 10:00 p.m. Monday through Thursday; will 


close Friday at 6:00 p.m.—ASHAE Booth 68 
TAC on Air Cleaning, A. B. Algren, Chairman (Room 104) 


TAC on Air Distribution, W. O. Huebner, Chairman (Room 105) 


TAC on Odors, T. H. Urdahl, Chairman (Room 106) 
TAC on Sorption, G. L. Simpson, Chairman (Room 107) 


Committee for Testing and Rating Low Vacuum Heating Pumps, W. M. 


Wallace, 11, Chairman (Room 108) 
Chapters Conference Committee (Junior Room) 
Guide Committee (Room 108) 
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Monday—January 24 (continued) 


6:00 p.m. Delaware Valley, U.S.A. Frolic: (The Benjamin Franklin—Ballroom) 
Buffet Supper served 6:00 p.m. to 10:00 p.m. 
Three-Act Play at 8:15 p.m., The Man That Corrupted Hadleyburg, 
presented by the Palette Players of the Cheltenham Township Art 
Center 
Dancing—10:00 p.m. 


Tuesday—January 25 


9:00 a.m. REGISTRATION (Lobby Floor—Burgundy Room) 
9:30 a.m. SECOND TECHNICAL SEssION (Ballroom) 
Call to Order by First Vice Pres. John E. Haines 
Report of Commmittee on Research, R. S. Dill, Chairman 
R. S. Dill, Chairman 
Preliminary Studies of Heat Removal by a Cooled Ceiling Panel, by 
L. F. Schutrum, John Vouris and T. C. Min, Cleveland, Ohio, pre- 
sented by Mr. Schutrum. 
Measurement of Angular Emissivity, by A. Umur, G. V. Parmelee and 
L. F. Schutrum, Cleveland, Ohio, presented by Mr. Parmelee. 
Circuit Analysis Applied to Load Estimating, Part II—Influence of 
Transmitted Solar Radiation, by H. B. Nottage, Santa Monica, Cal., 
and G. V. Parmelee, Cleveland, Ohio, presented by Mr. Parmelee. 
Report of Inspectors of Election 
11:00 a.m. Ladies Luncheon and Bus Trip to Longwood Gardens 
12:00 noon Exposirion—12th International Heating and Air-Conditioning Exposi- 
tion (Commercial Museum) 
1:30 p.m. TAC on Industrial Environment, P. J. Marschall, Chairman (Room 105) 
2:00 p.m. Committee on Research (Room 108) 
2:00 p.m. Chapters Conference Committee (Junior Room) 
2:00 p.m. TAC on Evaporative Cooling, (Subcommittee C) A. J. Hess, Chairman 
(Room 104) 
4:00 p.m. Committee on Standards for Comfort Air Conditioning, W. L. Fleisher, 
Chairman (Room 106) 


7:00 p.m. Past Presidents’ Dinner (Union League Club) 

7:30 p.m. TAC on Cooling Load, C. O. Mackey, Chairman (Room 104) 

7:30 p.m. TAC on Insulation, M. W. Keyes, Chairman (Room 107) 

7:30 p.m. TAC on Sound and Vibration Control, H. A. Lockhart, Chairman (106) 


Wednesday—January 26 


9:00 a.m. REGISTRATION (Lobby Floor—Burgundy Room) 
9:30 a.m. THIRD TECHNICAL SEssION (Ballroom) 
Call to Order by Second Vice Pres. John W. James 
Prof. E. R. Queer, Chairman 
Gas is an Important Factor in the Thermal Conductivity of Most In- 
sulating Materials, Part II, by R. M. Lander, Minneapolis, Minn., 
presented by Prof. R. C. Jordan, Minneapolis, Minn. 
Selection on Outside Design Temperature for Heat Load Estimation, 
by M. L. Ghai, Hartford, Conn., and R. Sundaram, New Delhi, India, 
presented by Mr. Ghai. 
A Theoretical and Experimental Study of Liquid-to-Liquid Heat Trans- 
fer in Hot Water Heaters, by F. W. Hutchinson, Berkeley, Cal., L. J. 
La Tart and N. W. Smith, Rome, N. Y., presented by Prof. Hutchinson. 


24 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND AIR-CONDITIONING ENGINEERS 


Wednesday—January 26 (continued) 


Solar Radiation During Cloudless Days, by J. L. Threlkeld and R. C. 
Jordan, Minneapolis, Minn., presented by Prof. Threlkeld. 

12:00 noon Expositron—12th International Heating and Air-Conditioning Exposi- 
tion (Commercial Museum) 

12:30 p.m. Ladies Luncheon and Fashion Show (Warwick Hotel—Ballroom). Pre- 
sented by Bonwit Teller 

2:00 p.m. Nominating Committee (Room 104) 

2:00 p.m. TAC on Heat Flow Through Glass, R. A. Miller, Chairman (Room 106) 

2:00 p.m. TAC on Heat Pump, E. P. Palmatier, Chairman (Room 107) 

2:00 p.m. TAC on Weather Data, John Everetts, Jr., Chairman (Room 108) 

2:00 p.m. Publication Committee, Linn Helander, Chairman (Room 105) 


7:00 p.m. BANQuET (Ballroom) 

Toastmaster: A. J. Nesbitt 

Invocation: Rev. Lewis A. Briner, Calvary Presbyterian Church, Wyn- 
cote, Pa. 

Presentation of F. Paul Anderson Medal to C. S. Leopold by L. N. 
Hunter, President, ASHAE 

50 Year Scrolls: 

S. R. Lewis, Chicago, Ill., H. C. Meyer, Jr., New York, N. Y. and W. 
R. Stockwell, Michigan City, Ind. 

Installation of Officers 

Presentation of Past President’s Emblem to L. N. Hunter by M. F. 
Blankin 

Speaker: Dr. Milton S. Eisenhower, President, The Pennsylvania State 
University 

Subject: The United States and Latin America 

Thursday—January 27 
9:00 a.m. REGISTRATION (Lobby Floor—Burgundy Room) 
9:30 a.m. FourRTH TECHNICAL SESSION (Ballroom) 

Call to Order by Pres. L. N. Hunter 

Prof. Linn Helander, Chairman 

Paths of Horizontally Projected Heated and Chilled Air Jets, by Alfred 
Koestel, Cleveland, Ohio, presented by Prof. Koestel. 

Air Conditioning of Multi-Room Buildings, by R. W. Waterfill, New 
York, N. Y., presented by Mr. Waterfill. 

Effects of Weather Conditions on Cooling Unit Operation in a Residence, 
by H. T. Gilkey, W. S. Stoecker and S. Konzo, Urbana, IIl., presented 
by Mr. Gilkey. 

Report of Committee on Resolutions 

Unfinished Business 

New Business 

Adjournment 

10:00 a.m. Ladies Bus Trip to Atlantic City: Luncheon (Haddon Hall—Wedgewood 

Room), Boardwalk Sightseeing 

12:00 noon ExpositionN—12th International Heating and Air-Conditioning Exposi- 
tion (Commercial Museum) 
1:00 p.m. Organization Meeting of 1955 Council (Pink Room) 


Friday—January 28 


12:00 noon Exposttion—12th International Heating and Air-Conditioning Exposition 
(Commercial Museum) (Closes at 6:00 p.m.) 


No. 1524 


VENTILATION REQUIREMENTS FOR 
CIGARETTE SMOKE 


By C. P. YaGLou*, Boston, Mass. 


NALYSES of tobacco and its smoke for toxic substances have been made by 
many investigators, notably by the Connecticut Agricultural Experiment 
Station!, by Baumberger? *, Bogen‘, Wolman5, and Bradford, et al6. The principal 
injurious substances found in tobacco smoke are the oily alkaloids, nicotine, pyri- 
dine and its derivatives; ammonia, aldehydes, tar and resinous compounds, smoke 
particles, carbon monoxide and various volatile acids. No average values can 
be quoted for most of these substances as the composition varies with variety of 
tobacco, manner of smoking, and other variables, including moisture content of 
the tobacco and the air. 

Until recently when an association was found between smoking and lung cancer, 
physicians considered nicotine to be the most potent poison in the smoke. It is 
now generally believed that all of the substances enumerated above contribute, 
more or less, to the toxicity of smoke. 

The burning end of a cigarette was found to give off most of the toxic material 
likely to affect the non-smokers‘, and presumably the ventilation requirements of 
confined spaces. Pyridine and ammonia, the two strongest local irritants in the 
smoke, are produced at this point. A portion of the nicotine in the tobacco is 
decomposed by heat into pyridine, and another portion is given off in the vapor 
phase at the burning point. Of the nicotine sucked through, a portion condenses 
in the unburned cigarette butt, another portion is absorbed on the respiratory 
walls, and only a relatively small quantity is exhaled. 

A review of the literature cited shows a nicotine content of popular cigarette 
tobaccos varying from 1.0 to 3.5 percent of moisture-free tobacco weight, or from 
10 to 35 mg ina standard cigarette weighing about 1 gm. The amount of nicotine 
in the smoke is placed at between 0.4 and 1 percent of tobacco weight (4 to 10 
mg in a standard cigarette). From 15 to 35 percent of this amount appears 
in the smoke reaching the mouth, and about 65 percent of the nicotine entering 
the mouth may be retained in puffing, or as much as 90 percent in inhaling.? 3 

The immediate effects of exposure to high concentrations of tobacco smoke are 
irritation of the eyes and respiratory mucosa due to combustion products of to- 
bacco and cigarette paper, and constriction of small blood vessels cutting down the 
blood supply to various parts of the body. The cardiovascular changes are ascribed 
to a poisonous action of nicotine on nerve endings controlling blood flow. They 
have been repeatedly demonstrated in the literature by a rise of systolic and dia- 


* Professor of Industrial Hygiene, Harvard School of Public Health. Member of ASHAE. 

! Exponent numerals refer to References. 

Presented at the 61st Annual Meeting of the AMERICAN SociETy OF HEATING AND AIR-CONDITIONING 
ENGINEERS, Philadelphia, January 1955. 
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stolic blood pressures, an increased heart rate, and a drop of the skin temperature 
of the extremities, which explains the slight chill in the hands and feet sometimes 
experienced by normal persons after smoking. Smoking corn-silk cigarettes, which 
contain no nicotine, failed to produce such vascular changes, while the intravenous 
ingestion of nicotine in amounts comparable to those absorbed in smoking stand- 
ard cigarettes, produced analogous effects” 8. 

Acute, as well as chronic, effects of tobacco smoke are not confined to smokers 
alone, but may appear in non-smokers who inhale the smoke of others, especially 
in persons who are allergic to tobacco smoke® ™ 1, 

The ventilating engineer is interested chiefly in the short-term functional ef- 
fects, giving warning of more serious effects that may follow if the early signs were 
not heeded. The presence of unpleasant tobacco smoke odors as perceived by 
non-smokers and, to a greater degree by visitors upon entering a smoking room, 
gives the first evidence of inadequate ventilation. The odor is not due to pyri- 
dine alone, but to many odors from ammonia, aldehydes, nicotine, tarry matter, 
volatile acids, and other substances in the smoke. 

The appearance of irritation in the eyes, nose, or throat, with smarting and 
lachrymation, coughing, or sneezing among non-smokers, is a sign of harmful 
ventilation conditions. Although ammonia and pyridine are the strongest local 
irritants, many of the other substances in the smoke, including nicotine, contribute 
to irritation. Much more important than the local irritation of the conjunctiva, 
from the medical standpoint, is the effect of nicotine on the optic nerves capable 
of causing impairment of vision in heavy smokers”, who are affected more by 
the fresh smoke they inhale than by the diluted smoke in the air of a room. 


EVALUATION OF ToBAcco SMOKE ODoRS 


There is no satisfactory technique for measuring objectively the strength of 
tobacco smoke odors as perceived by the sense of smell. Various types of osmome- 
ters have been designed to evaluate odor strength by determining the amount of 
odor-free air required to dilute an odor to the olfactory threshold. All of these 
instrumental aids have drawbacks. They require the use of nose catheters, or 
blasts of air into the nostrils, which seriously interfere with the normal perception 
of odors. Particles of tobacco smoke are adsorbed on interior wall surfaces of the 
instrument, and must be scrubbed off after each inhalation. 

The possibility of developing an objective physical or chemical indicator of 
tobacco smoke concentration, or of its odor strength, also seems remote, because 
tobacco smoke is a complex of many known and unknown odorous substances 
whose concentration varies widely with the variety of tobacco, the age of the smoke, 
and the manner in which a cigarette is smoked. Recently, Gant and Shaw, 
Leopold!8, Kuehner™ and others made some interesting exploratory studies along 
these lines but they have not gone far enough to ascertain the practical usefulness 
and limitations of their methods. 

In the present study the strength of tobacco smoke odor was evaluated by the 
sense of smell alone, according to an arbitrary 5-point scale shown in Table 1. 
The same scale was used for evaluating irritation on the eyes, nose, or throat. 
Aside from simple tests for carbon monoxide, no chemical measurements were 
made of any of the other toxic substances in the air. 

In using the sensory odor scale (Table 1), the observers first breathed odor-free 
air for at least 10 min to rid their olfactory membranes of any residual odor, before 
sniffing the smoky air. One or two sniffs produced the strongest odor perception, 
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after which the sensation diminished owing to olfactory fatigue. The breathing 
of odor-free air again, restored sensitivity. For full response the nose had to be 
neither too dry nor too moist, and the observers had to abstain from smoking or 
eating for at least one hour before testing. Persons with colds, deflected septums, 
or injuries to the upper respiratory or olfactory mucosa were disqualified as ob- 
servers. The agreement between observers, after a little practice, was within 1 
point on the odor scale. A reproducible average was obtained by using six or 
more qualified observers. 


TABLE 1—SENSORY SCALE FOR STRENGTH OF TOBACCO-SMOKE ODOR, OR FOR 
DEGREE OF IRRITATION TO EYEs, NOSE, AND THROAT 


DEGREE, ODOR 
OR IRRITATION DESCRIPTION 
0 Imperceptible odor, or irritation. 
1 Perceptible odor, or irritation, but not objectionable. 
2 Moderate odor, or irritation, little or no objection, acceptable level. 
3 Objectionable odor, or irritation; condition regarded with disfavor. 
4 Strong odor, or irritation, but endurable. 
5 Very strong odor, or irritation, intolerable. 


Note to Subjects and Observers: Record separately strength of odor and irritation, stating also locus of 
irritation. Record occurrence of headache, if any, and give an overall opinion as to acceptability. 


Excellent reviews of recent knowledge on the anatomy and physiology of olfac- 
tion, and on subjective and objective measurement techniques, are those by McCord 
and Witheridge™, and by Miner and Turk. !6 


PROCEDURE 


The experiments were made in two adjoining rooms, described in conjunction 
with our previous work on ventilation requirements for body odors!” 18. These 
rooms are nearly identical, having a floor area of 155 sq ft, a ceiling height of 9 
ft 3 in., a window area of 20 sq ft, and a net air space of 1410 cu ft. The windows 
and doors are weatherstripped, and all cracks are sealed with adhesive tape. Walls 
and ceilings are finished with two coats of scrubbable paint. The floors are cov- 
ered with smooth battleship linoleum kept unwaxed for the tests. Individual air- 
conditioning systems can maintain the two rooms at a comfortable temperature 
and humidity, regardless of weather. The downward distribution system is used, 
with the air entering through perforations near the ceiling and leaving at floor 
level. Variable speed fans (D.C. motors) allow a wide range in the quantity of 
air supplied which is measured by orifice meters. 

In the present study, one of these rooms was used as a test room, where smoking 
and non-smoking subjects exposed themselves to various concentrations of tobacco 
smoke, while sitting on armchairs, and engaging in reading, writing or conversing. 
The other room served as a control room for the observers on the odor panel, who 
appraised the strength of odor and irritation, if any, according to the scale in 
Table 1, by passing from the control to the test room twice every hour, orso. The 
control room was kept odor-free by circulating outside air at a rate of 15 changes 
per hour, and by restricting the number of observers occupying the room to not 
more than three at a time. A small, tight-closing door equipped with a curtain 
trap allowed access between the two rooms. 
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The thermal conditions in the two rooms were approximately identical in any 
one test. They were adjusted according to the comfort of the subjects, and varied 
from 72 F to 76 F with 25 to 35 percent relative humidity in the winter, and from 
75 F to 81 F with 40 to 65 percent relative humidity in the summer. 

Usually nine subjects took part in each test, three non-smokers who merely ex- 
posed themselves to the smoke of others, and six smokers. Only three of| the latter 
smoked at any one time, taking turns with the three reserves. Asa rule, subjects 
were not allowed to smoke more than 4 cigarettes per hour, and never more than 
5 in emergencies when some one of the smokers failed to come to the test. In long 
tests, some of the smokers had to be relieved by new subjects near the middle of 
tests. The subjects smoked their favorite brand of cigarettes in their own ac- 
customed manner. The total number of cigarettes smoked per hour was approxi- 
mately 24 (23.6), and the average time in consuming one cigarette down to the 
last 34 in. was about 714 min. 

In addition to the observers’ records, all of the subjects kept records of their own, 
using the standard sensory scale shown in Table 1. Each test consumed from 
2 to 4 hr, depending on the time required to attain a steady odor level. Altogether, 
34 men participated as subjects and 15 as observers in 16 tests. Thirty of the 
subjects were junior or senior Harvard Medical School students; the remaining 
four were older men working at the School of Public Health. The observers 
were nearly equally students and employees. 
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RESULTS 


Outside Air Supply in Relation to Strength of Odor and Irritation Effects: Results 
of five series of tests with average outside air supplies of 6, 14, 26, 35, and 60 cfm 
per smoker are shown in Table 2 and Fig. 1. 

An outside air supply of 35 to 40 cfm per smoker was required to remove ob- 
jectionable cigarette smoke odors, as judged by observers upon entering the smoking 
room from odor-free air. The odors involved were those emanating from relatively 


TABLE 2—SUMMARY OF VENTILATION REQUIREMENTS FOR CONTROLLING DiIs- 
AGREEABLE EFFECTS OF TOBACCO SMOKE ON THE OLFACTORY SYSTEM, THE EYES, 
NosE, AND THROAT 


EXPERIMENTAL CONDITIONS 


Net floor area of smoking room 155 sq ft 
Net air space of smoking room 1410 cu ft 
Number of subjects smoking simultaneously 3 to4 
Total number of subjects exposed to tobacco smoke in each test 8 to 9 
Duration of tests 2 to 4 hr 


OutsipE Arr SuppLy 6 CrM PER SMOKER (no recirculation) 

Thick bluish haze in the air. 

Smarting and watering of eyes in all smokers, and most non-smokers and observers 
(visitors). 

Irritation of nose and throat, as above, with occasional coughing. 

Headache after 2 to 4 hours in all smokers and some non-smokers. 

Tobacco smoke odor imperceptible, as such, to all. 

Measurable increase of pulse rate and blood pressure. 

Conditions strongly objectionable to all concerned. 


OuTsIDE AIR SuppLy 14 CrM PER SMOKER (no recirculation) 

Visible smoke haze in the air. 

Dryness or irritation of eyes, nose, or throat of smokers, and of some non-smokers and 
observers. 

Possible headache in few smokers and non-smokers. 

Tobacco smoke odor difficult to perceive, as such. 

Conditions unacceptable to all concerned. 


OutTsipE AiR SuppLy 26 Crm PER SMOKER (no recirculation) 

Occasional trace of smoke in the air (spotty). 

Possible dryness in nose or throat. 

No definite effect on eyes. 

Odor imperceptible to smokers, acceptable to most non-smokers, Jand somewhat ob- 
jectionable to most of the observers. 


OutsiwE Arr Supp_y 35 PER SMOKER (no recirculation) 

Air visibly clear of tobacco smoke. 

No effects on eyes, nose, or throat. 

Odor imperceptible to smokers and non-smokers, and acceptable to all but a few of the 
observers. 


OuTSIDE AIR SuppLy 60 CrM PER SMOKER (no recirculation) 

Air visibly clear of tobacco smoke. 

No effects on eyes, nose, or throat. : 

Odor imperceptible to all subjects, and only slightly above threshold level in the opinion 
of observers. 
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fresh tobacco smokeft. Body odors seldom could be smelled in the presence of 
smoke odors. Not much was gained by increasing the air flow beyond 35 cfm 
per smoker under the experimental conditions (Fig. 1). 

Non-smoking subjects, who merely exposed themselves to the smoke of others, 
considered as acceptable an air supply of only 25 cfm per smoker on the basis of 
odor alone, which they could perceive, though less keenly than the observers, 
until the air supply was cut down to 14 cfm per smoker. At this reduced air flow 
there was distinct irritation of the eyes, nose and throat, strong enough to interfere 
with sense of smell. Headaches appeared when the air supply was reduced to 6 
cfm per smoker, after exposures of one to three hours. The dense smoke in the 
air produced a feeling of depression and loss of concentration power for reading. 

Although the smokers were unable to smell the smoke odor, as such, they were 
more susceptible to headaches and irritation of eyes, nose and throat than the 
non-smokers, at the lowest two air flows (Table 2). 

In the light of this experience, it would seem that ventilation requirements for 
tobacco smoke should be based on the amount of tobacco actually consumed in a 
unit of time, rather than on the total number of occupants, smokers and non- 
smokers, as is sometimes done in practice without taking into consideration a 
suitable load factor. Since body odors normally cannot be smelled in the presence 
of tobacco smoke odor, a non-smoker actually helps in reducing the pollution, 
instead of contributing to it, by absorbing some of the smoke in his respiratory 
tract and clothing. 

Carbon Monoxide Concentration in Smoking Room: The CO content of tobacco 
smoke presented no problem for the non-smoker in this study. Although con- 
centration of this gas at the burning end of cigarettes sometimes reached values 
as high as 200 ppm, only a trace of less than 5 ppm could be detected in the breath- 
ing zone of the room after 4 hr of continuous smoking with ventilation rates of 
from 5 to 7 cfm per smoker. The maximum allowable concentration of CO is 100 
ppm for exposures of 8 hr a day. A review of the literature indicates that even in 
heavy smokers, the accumulation of CO in their blood is not particularly signi- 
ficant!9, 

Application and Limitations of Findings: The results presented here are not 
directly applicable to practical situations, but should serve only as guides. They 
were obtained under more or less ideal conditions, in a relatively small room, that 
was kept always clean, and was supplied with air from a clean ventilating system 
through which no smoky air ever was recirculated during the tests. The findings 
do not apply to systems using recirculated air that has been treated by processes 
capable of altering the natural composition of tobacco smoke, such as, filtration, 
adsorption, spray washing, dehumidification, cooling with coils, etc. 

No data are available in the literature on the allowable toxic threshold of nico- 
tine, to ascertain whether the proposed dilution rates for controlling odors, or 
irritation effects are, in fact, adequate to control possible nicotine effects on non- 
smokers. According to the literature the most prominent functional effect of 
nicotine is that on the cardiovascular system. An attempt was made to correlate 
ventilation rates with increases of pulse rates and blood pressures observed in our 
experiments, but the changes were too small and too variable to justify conclusions. 

It is hoped that research now in progress, or under consideration, by the To- 
bacco Industry Research Committee, and the American Cancer Society, will pro- 
vide the ventilating engineer with the toxicological data he needs. 


t The characteristics of stale tobacco smoke have been discussed in a previous report'®. 
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CONCLUSIONS 


An outside air supply of 35 to 40 cfm per smoker was required in order to re- 
move objectionable odors of fresh cigarette smoke, as judged by observers upon 
entering an experimental smoking room (10.0 X 15.5 X 9.25 ft) from clean air. 
The rate of smoking was kept constant at about 24 cigarettes per hour. 

Non-smoking subjects who merely inhaled the smoke in the air considered as 
acceptable an outside air supply of 25 cfm per smoker. The smokers themselves 
were incapable of perceiving the smoke odor, as such, regardless of air flow. But 
they were more susceptible to irritation of eyes, nose and throat, than the non- 
smokers or observers, when the ventilation became deficient. 

Distinctly unhealthful conditions resulted when the air supply was reduced to 
less than i5 cfm per smoker, with headaches, smarting and watering of the eyes, 
irritation of the nose and throat, a feeling of depression, and a loss of concentration 
power for reading, among both smokers and non-smokers. 

The carbon monoxide concentration was much too small to affect the non- 
smoker, even at the lowest air flow of 5 cfm per smoker, when the room was filled 
with bluish smoke. 

There is no way to ascertain now whether the ventilation requirements for con- 
trolling smoke, odor, and irritation effects are in fact adequate to protect a non- 
smoker from possible effects of nicotine and of other poisonous smoke ingredients 
of unknown toxicological thresholds. 
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DISCUSSION 


LestER Avery, Cleveland, Ohio: I have not had the opportunity of reading the 
paper, and the answer may be here, Dr. Yaglou, but I raise a question at what point 
did you bring in air and at what point did you exhaust air? 

We find in handling smoke that any effort to bring in supply air above the breathing 
zone is partial dilution, but never clean air. 

If you bring air in from the bottom and exhaust from the top, your problem is en- 


tirely different and easily solved. I would like to know how the air was brought in. 


AuTHor’'s CLosurRE (Professor Yaglou): The air was introduced through a perforated 
ceiling duct, and exhausted near floor level. Mr. Avery presumably feels that the main 
purpose of ventilating smoking rooms is to remove the smoke particles. On this pre- 
sumption, an upward ventilation system should prove more efficient than a downward 
one by utilizing the natural tendency of fresh smoke particle to rise, and by precluding 
much flocculation and settling of the particles. 

Unfortunately the problem is not so simple as Mr. Avery thinks. The main ob- 
jective in the ventilation of ordinary smoking rooms is to remove the toxic and pungent 
ingredients of tobacco smoke, including nicotine, pyridine and volatile acids. All of 
these substances have high molecular weights and a strong tendency to sink to lower 
levels. They exist predominantly as vapors or gases in the air, independently of smoke 
particles, and cannot therefore be disposed of merely by removing the smoke particles. 
This can be demonstrated by passing the smoky air through an absolute filter which 
stops all of the smoke particles without removing the pungent gas molecules. Another 
convincing test may be made by forcing the air through a thick bed of activated carbon 
which removes most of the pungent molecules without stopping the smoke particles. 

The high molecular weights of nicotine (162), pyridine (79), and acids (46-102), 
compared to that of air (29), make the use of a downward ventilation system impera- 
tive. Removal of these toxic substances will automatically take care of the smoke 
problem. 
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A RAPID GENERAL PURPOSE CENTRIFUGE 
SEDIMENTATION METHOD FOR MEASUREMENT 
OF SIZE DISTRIBUTION OF SMALL PARTICLES 


Part I-Apparatus and Method 
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This paper is the result of research sponsored by the AMERICAN SOCIETY OF 
HEATING AND AIR-CONDITIONING ENGINEERS, INC., in cooperation with the 
Mechanical Engineering Department, University of Minnesota, Minneapolis, Minn. 


HE RAPID increase in industrial development and concentration of urban 
dwellers has placed increased emphasis on the need for more effective air 
cleaning. 

The air filtration problem generally resolves itself into a need for knowledge of 
contaminants present in atmospheric air. These contaminants can be broadly 
classified as particulate matter, gaseous matter, air-borne bacteria, viruses and 
odors. 

The AMERICAN Society OF HEATING AND AIR-CONDITIONING ENGINEERS, INC.., 
through its Technical Advisory Committee on Air Cleaningt fully realizes the 
magnitude of this air pollution problem. The Society is, however, presently 
confining its activities to a study of particulate matter which exists in air that 
ventilates spaces used for human occupancy. 

This first paper presents a new method of particle-size measurement which has 
been found to be of practical value for measurement in the 0.05 to 100 micron size 
range. Part I describes the apparatus and basic method. Part II will describe 
detailed procedures applicable to a variety of applications. 

Problems of particle-size measurement are almost as varied as industry itself. 
For example, size measurement is important in the production of such substances 
as flour, paint pigments, powdered sugar and insecticides. In recent years the air 
pollution problem has received increasing attention, and a need exists for rapid yet 
comprehensive methods for evaluating atmospheric dust samples. 

These and similar needs in other fields of particle technology have generated 
interest in size analyses because of the fundamental importance of size distribution 
data. 


* Research Associate, Mechanical Engineering Department, University of Minnesota 
+t Personnel: A. B. Algren, Chairman; R. B. Crepps, L. L. Dollinger, Jr., O. C. Eliason, B. G. Evans, 
R. S. Farr, C. D. Graham, A. J. Hess, A. B. Hubbard, G. F. Landgraf, K. W. MacKenzie, Arthur Nutting, 
H. E. Robinson, S. L. Root, Jr., C. B. Rowe, W. T. Van Orman, R. P. Warren, W. B. Watterson. 
Presented at the 61st Annual Meeting of the AMERICAN SociETY OF HEATING AND AIR-CONDITIONING 
ENGINEERS, Philadelphia, January 1955. 
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The literature in size analysis is voluminous and scattered widely in various 
scientific journals. Lately this situation has been improved by a number of 
comprehensive reviews covering all methods of size analysis. Several good ones 
are given by Schweyer and Work!, Heywood?, Stairmand’, and Rose‘. Two 
recent reviews which also have fairly extensive bibliographies are Herdan5 and 
Work and Whitby. 

Study of the literature shows that only the microscopic and sedimentation 
methods have been used widely for the subsieve range. Microscopic analysis by 
electron beam or light can be used from 0.01 micron up but the procedures are 
tedious and inaccurate except for narrow size ranges. For this reason, sedimenta- 
tion analysis has been the most widely used. All sedimentation or elutriation 
methods use the relationship between particle size and settling velocity derived 
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from Stokes’ law. Hawksley? has given an excellent discussion of the basic 
principles of sedimentation analysis. 

Stokes’ law states that the settling velocity of a particle in a fluid is proportional 
to the square of the particle diameter. For this reason the settling velocity of 
particles below 5 microns in size becomes rather slow. For example, a 1 micron 
particle of density 2.5 would require about 24 hr to settle 10 cm in water. Thus, 
for practical reasons gravity sedimentation is usually limited to 1 micron and 
larger. By using a centrifuge to increase the force on the particles, the sedimenta- 
tion analysis may be extended to the finer size ranges. This is the approach used 
in the development of the method described in this paper. 

Basically, the method combines gravity and centrifuge sedimentation to take 
advantage of the desirable characteristics of each. This approach is not new. 
For example, Norton and Speil$ constructed a centrifuge large enough so that 
standard hydrometers and jars could be used. 


1 Exponent numerals refer to References. 
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Most centrifuge methods start with an initially homogeneous suspension in the 
tube. Robison and Martin? and Kamack” describe recent improvements in this 
approach. The one serious drawback in the use of a homogeneous suspension in a 
centrifuge is the complication involved in the calculation of results. The fact 
that various size particles are settling out at any given time, plus the fact that the 
forces on the particle vary with the radius in the centrifuge, precludes any exact 
solution to the differential equations that describe the rate of sedimentation. 
This difficulty can be eliminated by making the radius of the centrifuge large 
compared to the sedimentation height, or by starting all the particles off in a layer 
on top of the sedimentation liquid. The latter approach, first used by Marshall", 
is the one used in the method described in this paper. 

Several different methods have been used for sensing the rate of sedimentation. 
Kamack” describes an ingenious system of withdrawal pipettes which can be 
operated while the centrifuge is in motion. Svedberg!? made extensive use of 
optical methods in his ultracentrifuges. Norton and Speil® used a hydrometer, 
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and Berg!’, a specific gravity diver. However, all of these either require elaborate 
apparatus or careful technique. For these and other reasons a simpie capillary 
at the bottom of the centrifuge tube has been used to measure sediment height. 


PRINCIPLE OF OPERATION 


Basic to the method is the special centrifuge tube and feeding chamber illustrated 
in Fig. 1. At the beginning of a size analysis the clean tube is filled to the line 
near the top of the tube with a suitable sedimentation liquid. The tube is then 
placed in a holding device, which may be simply a laboratory clamp on a ring 
stand, or may be a more elaborate optical observing device as illustrated in Fig. 2. 

Next a suspension of particles is made up in a liquid that is miscible with the 
sedimentation liquid and has a slightly lower density and a slightly higher viscosity. 
The particles must be practically insoluble in either liquid. An aliquot of this 
suspension is placed in the feeding chamber and the chamber placed in the tube 
and released in such a way so as to leave a sharp layer of suspension on top of the 
sedimentation liquid. 
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Fic. 3. PARTICLE S1zE ANALYSES OF A.C. FINE TEST 
Dust 


Then, at times calculated from Stokes’ law for the desired sizes, the height of the 
sediment in the capillary is read. Sedimentation is allowed to proceed under 
gravity for 4 to 10 min depending upon the time schedule that has previously been 
worked out. Then the tube is transferred to the first and lowest speed centrifuge 
and run for a precalculated time. The tube is removed to read the sediment 
height and then is replaced in the centrifuge for the next time interval. This is 
continued until there is no change in sediment height or until the last centrifuge 
time in the schedule has been run. During the centrifuge runs the speed is in- 
creased as the settling velocity of the particle decreases. 

By proper choice of liquids, centrifuge speeds, and reading times, it is possible 
to determine size distribution at the rate of 2 per hr on such materials as the A.C. 


TABLE 1—SizE ANALYsIS Data For A.C. FINE Test Dust ANALYZED BENZENE 


PARTICLE | READING } | OBSERVED PERCENT PERCENT 


SIZE TIME | CENTRIFUGE | HEIGHT GREATER LEss 
MICRONS MIN SEc R.P.M. ON SCREEN THAN SIZE THAN SIZE 
60 18 0 0 100 
50 :26 0.2 0.8 99.2 
40 0.9 96.5 
35 53 3.3 5.0 95.0 
30 1:12 2.0 7.7 92.3 
25 1:43 3.0 88.3 88.5 
20 2:41 4.5 eee 82.8 
16 4:12 5.9 22.6 77.4 
12 18 300 8.3 31.8 68.2 
8 :24 600 $1.3 43.4 56.6 
4 338 1200 16.7 64.0 36.0 
2 1:03 1800 20.4 78.2 21.8 
1 3:22 1800 22.4 85.8 14.2 
0.5 12:34 1800 23.8 91.4 8.6 
+0 15:00 4000 26.1 100.0 0 


Note: Room temperature = 80 F; Sedimentation liquid = Benzene; Feeding liquid = 40 percent Ben- 
zene + 60 percent Naphtha; Dispersing agent = 0.1 percent Twitchell 8240 p = 2.52 gm per cubic cen- 
timeter; po = 0.87; no = 0.00582 poise; A = 6.45 X 104. Dispersed 2 min in a blender. 
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fine test dust, illustrated in Fig. 3 and Table 1. If this size analysis had been run 
by straight gravity sedimentation, it would have required approximately 54 hr as 
compared to about 25 min by centrifugal analysis. 

Application of the method has been broad. Equipment and procedures are the 
result of the combined experience of six industrial firms and the University of 
Minnesota on over 50 materials ranging from paint pigments to D.D.T. insecticide. 

Though extensive, the equipment required is simple enough so that some version 
of the method is within the reach of every laboratory. Fig. 2 illustrates the 
complete apparatus used in making a size analysis. The method is very flexible. 
Size analyses can be made on samples as small as 2 mg. One or 20 points on the 
distribution curve may be determined and the method is especially suitable for 
obtaining accurate analyses of samples containing a few percent of large particles. 


Fic. 4. PROJECTED IMAGE OF TUBE 
(LEFT) WITH SEDIMENT (RIGHT) Empty 
TuBE. (NOTE IMAGE Is INVERTED) 


Calculation of results for routine analyses is simple, requiring only a few calcula- 
tions on a slide rule. Details of the calculations involved and preparation of 
schedules will be described later. Selection of liquids, dispersing agents and 
dispersion methods are discussed in Part II (see page 449). 


APPARATUS 


Centrifuge Tubes: The tube design that has been developed is illustrated in 
Fig. 1. The graduated tubes, which can be read without any optical accessories, 
are necessary for the analysis of certain materials. Ungraduated tubes are satis- 
factory for most materials. Paint pigments and other submicron materials form 
an optically opaque suspension in the capillary above the sediment. Though it is 
possible to see the line of demarcation with the unaided eye, it is often impossible 
when using the projection system. 

The ungraduated tubes used with a suitable projection system are desirable for 
most size analysis work. Magnification of the capillary image six times, as in 
Fig. 4, permits easier, more accurate reading of sediment height. The magnified 
image also makes it easy to see if dispersion is satisfactory and to see the actual 
shape and number of the few largest particles. 
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Tube size is such as to fit the standard 15 ml tube shields and heads available on 
most small centrifuges. Other tube dimensions have been worked out from experi- 
ment and from consideration of what it is practical to make from glass. It has 
been found that the two parts of the tube most difficult to make and also the most 
important are the transitions from the cylindrical portion to the capillary and the 
flat bottom of the capillary. 

In addition to the tube design shown in Fig. 1, a special open-ended design having 
a bore of 0.17 mm is under development for use with impinger dust samples and 
other applications where the concentration of dust in the feeding liquid is very 
low. 

Centrifuges: Early attempts to use ordinary laboratory centrifuges showed that 


Fic. 5. SCHEMATIC DIAGRAM OF IM- 
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while they can be used, they have many serious drawbacks. The major dis- 
advantage is lack of speed stability. Acceleration rates are too low at the low 
speeds and too high at the high speeds. Also it is very difficult to control these 
rates without major reconstruction of the centrifuges. 

Some of the smaller commercial centrifuges can be used if an accurate stroboscope 
is available and if they are operated with covers open in order to keep the tubes at 
room temperature and to increase aerodynamic resistance. 

Considerable experimentation has established the following centrifuge charac- 
teristics as necessary: 


1. Speed must be constant within 1 percent of the values used in calculating the 
tables. 

2. Maximum rate of acceleration during starting and stopping must be less than 5 
rad per (sec) (sec). 

3. Speed vs time curves during starting and stopping must be known and constant 
enough so that starting and stopping correction will not vary more than +0.5 sec. 

4. It is desirable to have a 300-600 rpm range for the slowest centrifuge. 

5. For ease of operation it is desirable that no adjustment of rheostats or other 
speed control equipment be necessary during the starting and stopping period of the 
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centrifuge. This is to permit the centrifuge to be started and stopped by an automatic 
timer of suitable accuracy. 


The foregoing requirements dictated the design of the special centrifuges il- 
lustrated in Fig. 2. These centrifuges are powered by multispeed hysteresis type 
synchronous motors. Three centrifuges have been developed so far. A 300-600 
rpm unit is powered by a 600-1200 rpm motor with a 2 to 1 gear reduction between 
motor and head. A 600-1200 rpm unit is direct driven as is an 1800 rpm unit. 
Starting and stopping characteristics are controlled by a combination of an inertia 
disk on the motor shaft and a variable resistor in series with one winding of the 
motor. For some locations a wave form correcting-type voltage regulator is 
necessary to obtain constant starting characteristics. 


Fic. 6. M1sCELLANEOUS EQuiPpMENT (L. 
TO R.) CLEANING WIRE, POWDER 
Scoop, GRADUATED TUBE, UNGRADU- 
ATED TUBE, FEEDING CHAMBER, AND 
MICRO-STIKRER 


For convenience a 1-sec to 1-hr timer is built into each centrifuge. All of the 
work to date has been done with centrifuges equipped with small commercial 
heads. These two-place heads were used because they were the smallest standard 
heads available. Use of other heads with slightly different trunnion radii would 
have no effect other than to change the radii used in the calculation of time sched- 
ules. 

Tube-Reading Equipment: It was found desirable to tap the tube gently on the 
tip along the axis of the tube during the gravity portion of the run. Therefore, 
for both the graduated tubes and the projection tubes, the tube holder is provided 
with a cam operated tapper which strikes the tube a light blow on the tip 40 times 
per minute. 

For the ungraduated tubes a special projection system is used to read the tubes. 
Fig. 4 is a close-up of the screen and illustrates the type of scale and image obtained. 
Fig. 5 illustrates in schematic form an improved version of the optical unit which 
is now under construction. The tube should be cut in the open so that sed:menta- 
tior can be observed in the whole tube and so that the lamp heat will not cause 
convection currents. Space for more than one tube is provided in a sliding rack 
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so that more than one analysis can be run at the same time. This is also the 
reason for the double optical system of the instrument illustrated in Figs. 2 and 4. 

Miscellaneous Equipment: Several small but essential items go to complete the 
apparatus as follows: 


1. Feeding chamber—as illustrated in Fig. 1—is essential for obtaining a uniform 
layer of suspension on the surface of tke sedimentation tube. 

2. Fig. 6 illustrates a cleaning wire and powder scoop. Closed end tubes are cleaned 
by pumping this wire rapidly in and out of capillary with the tube full of liquid. The 
powder scoop is used for measuring out a given volume of powder when the dispersion 
is made directly in the feeding chamber. This is particularly convenient for routine 
= on materials reasonably easy to disperse. 

Fig. 6 also illustrates a special micro-stirrer that can be used to stir the suspension 
in a feeding chamber. This makes it unnecessary to make up a separate suspension 
in a blender or other stirring device. Using a motor that will develop at least 10,000 
rpm, this micro-stirrer will disperse all but the most difficult materials. 

4. High speed commercial centrifuge—A commercial centrifuge that will develop 
approximately 2,000 g's is useful for obtaining end points on very fine materials such 
as paint pigments. A small medical centrifuge is satisfactory for this purpose. 


CALCULATION OF TABLES 


Because this method combines both gravity and centrifugal sedimentation, it is 
most convenient to calculate the reading times completely before a run is begun. 
Though there are several ways of doing this, only one procedure will be given here. 
Developed in collaboration with Dr. M. A. Knight, this procedure is particularly 
adapted to industrial laboratory operations since it reduces the decisions that must 
be made during the computation. 

Gravity Portion of Tables: The time for a particle to settle a given distance in a 
fluid under the influence of gravity can be calculated from the usual form of Stokes’ 
law. 


te = (18 K 108 h)/[(o — po) . ...... 
where 
tg = time in seconds for a particle to settle a distance h under the influence 
of gravity. 
d = particle diameter, microns. 
h = settling height, centimeters (10 cm for all tubes). 
p = true density of particles, grams per cubic centimeter. 
po = density of sedimentation liquid, grams per cubic centimeter. 
no = absolute viscosity of sedimentation liquid, poise. 
g = gravitational constant. 


if we let 
= (18 X 108m h)/[(o — po) gl. 
then Equation 1 becomes: 


Since A will be a constant for a given material in a given sedimentation liquid, 
the gravity reading times may be calculated by multiplying the calculated K 
value by 1/d? values pre-calculated in tabular form. Table 2 illustrates a few 
1/d? values used in calculating the time schedule of Table 3. 
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TABLE 2—VALUEsS OF 1/d? USED IN TABLE 3 


d-MIcRONS 1/d2 
70 2.04 x 10-4 
60 2.78 x 10-* 
50 4.00 x 10-* 
40 6.25 x 10" 


TABLE 3—CALCULATION OF READING SCHEDULE OF K = 6.45 X 10! 


RPM | VALUES OF Kg | VALUES OF Js 
300 0.0992 K =0.640 x10* | 100 1/K = 0.00155 
600 0.0248 K =0.160 x10* | 525 1/K = 0.00814 
1200 0.0062 K =0.040 x10 | 2900 1/K = 0.0450 
1800 0.00276 K = 0.0178 x 108 | 14,500 1/K = 0.225 
| 
700 | 13.2 | 30 71.7 
60 | 17.9 25 103.3 t, = 
50 25.8 | 20 161.0 | 
40 | 40.3 | 16 | 252.0 | 
35 (52.6 | | | 
de | le* let | 
12 17.7 0 17.7 300 0.00277 
8 | 18.0 +6.0 24.0 600 0.0130 
4 25.4 +12.4 38.0 1200 0.0764 
2 46.7 +16.0 63.0 1800 0.337 
1 | 186.0 +16.0 202.0 1800 1.383 
0.5 738.0 +16.0 754.0 1800 «5.576 
RPM | fen = (Qn — Qn-1)Ks, SECONDS 
300 0.00277 X 0.640 X 10* = 17.7 
600 (0.0130 — 0.00277) 0.160 xX 10*= 18.0 
1200 (0.0764 — 0.0130) 0.040 xX 10'= 25.4 
1800 (0.337 — 0.0764) 0.0178 X 10! = 46.7 
1800 (1.383 — 0.337) 0.0178 X 10% = 186.0 
1800 (5.576 — 1.383) 0.0178 X 104 = 738.0 


Centrifuge Portion of Table: Centrifuge settling times can be calculated by a 
form of Stokes’ law for a centrifugal field that is derived as follows: 

Let r represent the radius of rotation of a particle of mass m rotating about an 
axis with angular velocity w. At equilibrium, two forces will be acting on the 
particle; a frictional force determined by Stokes’ law and a centrifugal force. 

Equating these we obtain: 


3 nod (dr/dt) X 108 = ma? r. 
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In a liquid the effective mass of a spherical particle will be: 
m = (r/6) (p — po) 
Therefore: 
dr/dt = |(o — po) wd*r]/(18 X 108 m0) 
Integrating between the starting radius ™, and the final radius re we obtain: 
te = te — ty = {(18 X 108 90)/[(o — po) loge (r2/r1) 
where 


t, = the centrifuge running time necessary to centrifuge a particle of size d 
from r; to re. 


In both Equations 3 and 4, the slightly different density and viscosity of the 
feeding and sedimentation liquid have been neglected. This approximation is 
valid because the thickness of the feeding layer is small and usually the density 
and viscosity differences are small. 

The K-values may also be defined from Equation 4 if the centrifuge speeds are 
selected. If we let A, represent the K-value associated with a given centrifuge 
speed s, then: 


K, = (18 X 10% 90)/[(o — po) 5) 
Equation 4 becomes: 
By equating Equations 2 and 5, K, may be expressed in terms of K as shown 
in Table 3. 
In Equation 6, r2 is a constant for a given tube and head design, but 7 will 


depend not only on the radius of the top of the tube but on how far the particle 
has already settled under the influence of gravity. 


Therefore 
where 
tg = time for last gravity particle size d, to settle 10 cm under gravity. 
teg = time for first centrifuge particle size d, to settle 10 cm under gravity. 
ro = starting radius of all particles in the feeding layer at ¢ = 0. 


If Equation 3 is substituted into Equation 7 
We see that 7 is a function only of the last gravity size and of the centrifuge 
size under consideration. This makes it convenient to set up a simple calculation 
scheme for the centrifuge portion of the run in which use is made of a calculation 


constant tabulated as a function of d, and d,. 
In Equation 6, define Q by: 


then 
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Substitution of Equation 8 into Equation 9 yields: 
Q = (1/d,2) loge {r2/[ro + (10d.2/d?)]} . . . . . . (11) 


Equation 11 may then be used to calculate a table of Q values such as in Table 
4, for apparatus with given ro and re values. 


TABLE 4—PoRTION OF A TABLE OF Q VALUES USED TO CALCULATE CENTRIFUGE 
RUNNING TIMEs* 


dg, MICRONS 
deg MICRONS 16 15 14 13 
14 0.00099 0.0052 
13 0.00175 0.00123 0.000649 
12 0.00277 0.00219 0.00159 | 0.000842 
11 0.00417 0.00353 | 0.00281 | 0.00199 
10 0.00613 0.00542 | 0.00459 0.00367 
9 0.00892 0.00811 | 0.00719 0.00614 
8 0.0130 0.0121 | 0.0110 0.00984 
7 0.0191 0.0181 0.0169 0.0156 
6 0.0288 0.0278 0.0264 0.0249 
5 0.0454 0.0442 0.0427 0.0410 
4 0.0764 0.0749 0.0733 0.0713 
3 0.144 0.142 0.140 0.138 
2 0.337 0.336 0.334 0.331 
1 1.383 1.381 1.379 1.376 
0.5 5.576 5.576 5.576 | §.576 


® 0 values calculated for ro = 3.30 cm and r2 = 13.30 cm. 


Before illustrating how a table of Q’s is used to calculate a complete reading 
schedule, it is convenient to define one other constant. When preparing a reading 
schedule such as in Table 3, the question arises as to just what particle-size intervals 
and centrifuge speeds are desirable. 

There is not too much of a problem during the gravity portion of the run because 
practically any size intervals may be used. However, during the centrifuge portion, 
a number of factors must be considered. Due to computational difficulties, it is 
impractical to have a centrifuge running time less than the starting time of the 
centrifuge at that speed. In Table 3 for example, the first centrifuge time at 12 
microns is 17.8 sec. For this centrifuge the minimum useful timer setting is 10 
sec. If the centrifuge time for a size of say 14 microns was to be calculated, it 
would be found that the centrifuge time would be only 6.3 sec, which is below the 
useful time and therefore impractical. The same problem exists when changing 
to higher speeds. 

To aid in selecting the best combination of sizes and speeds, it is convenient to 
define the minimum useful increment in Q that can be used for each centrifuge 
speed. 

In Equation 10, é, is the centrifuge running time assuming that the centrifuge 
runs at the given speed for the whole interval. Actually a starting and stopping 


= 
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correction is necessary because in most cases it is inconvenient to balance the 
starting time against the stopping time. Later it will be shown how this correction 
is obtained but for the present it is sufficient to say that it is a constant which is 
added algebraically to ¢, in order to get the timer setting ¢g. 


Therefore, 
bet = be + Cs = (12) 
where 


C, = the starting stopping correction at speed S. 
= the centrifuge timer setting necessary. 


The minimum useful increment in Q may now be calculated by setting é.¢ equal 
to the starting time of the centrifuge. 


or 


where 


J, is the minimum useful increment in Q at the speed s. As an example, for the 
600 rpm centrifuge C, = + 6 sec, and ¢ starting = 19 sec, 


therefore 
Jooo = (19 — 6/Keoo) = (13/0.0248K) = (525/K) 


Table 3 illustrates how these Q and J values are used to calculate a complete 
schedule. A convenient step-by-step procedure is outlined. 


1. Using Equation 2, calculate K for the given conditions of density and viscosity. 

2. Calculate 1/K, K, and J, values as at the top of Table 3. 

3. Calculate the gravity portion of Table 3 from Equation 3 and a suitable table of 
1/d? values. It is best to terminate the gravity portion of the run between 4 and 
10 min. The minimum gravity time permissible will depend on the centrifuge equip- 
ment available and the size interval from the last gravity to the first centrifuge size. 

4. Select the first centrifuge size so that Qi: > Js:. In the example Jz300 = 0.00155 
and therefore for dg = 16 microns it is seen from Table 4 that d, = 13 microns is the 
maximum particle size that could be selected for the first centrifuge size. In this case 
12 microns were selected because the interval from 12 to 16 microns was small enough. 
Calculate ¢, from Equation 10, using a Q value corresponding to dg = 16 and d, = 12 
and K3oo. Add the appropriate start stop correction to get the time setting fct. 


ter = OKs + Cy 


5. Select the next centrifuge size so that Qe > Q; + Js2. The problem now arises 
as to whether to use the centrifuge speed used for d., or go to a higher speed. In this 
case Qi + Js00 = 0.00432 and Qi + Jeoo = 0.0109. From Table 4 it is seen that the 
maximum de: that could be used with 300 rpm centrifuge is 10 microns and with the 
600 rpm centrifuge, 8 microns. Since the interval from 12 to 8 microns is satisfactory, 
we choose the 600 rpm centrifuge in order to save time. Then for the example: 


Q2 Keoo — VO: Keoo + C 
0.0130 X 0.160 * 10* — "0 .00277 X 0.160 X 10' + 6.0 = 24 sec. 


tot 


6. Subsequent centrifuge size intervals and centrifuge times are calculated using the 
same procedure. Because the starting and stopping of the centrifuges and the handling 
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of the tube causes a small amount of mixing in the tube, centrifuge reading sizes should 
be limited to a maximum of seven. Actual experience has indicated that five is usually 
sufficient. 


Where many size analyses must be run on a variety of materials it is convenient 
to make up tables of appropriate reading schedules calculated for increments of K. 
Tables calculated for successive increments having a ratio of 1.025 over a range 
from 5 x 104 to 25 x 104 will cover the most used range. 


DETERMINATION OF STARTING AND STOPPING CORRECTION 


Due to the short runs that are made with the centrifuge, the starting and stopping 
correction becomes an appreciable fraction of the running time. This makes a 
precise determination of the correction necessary. The following scheme has been 
found to be satisfactory. 

A stroboscope is used to obtain accurate angular velocity time data during 
starting and stopping. This is accomplished by observing the time at which the 
centrifuge reaches a speed preset on the stroboscope. 

From Equation 4, it is apparent that the settling velocity at a given radius is 
proportional to the angular velocity squared. Therefore, if the angular velocity 
squared is plotted against the time during starting and stopping (Fig. 7), the area 
under the starting and stopping curves will be proportional to the distance settled 
during the respective times. The net correction is, therefore: 


Area A — Area B 
Y (to same scale as T) 


Net correction = 


CALCULATION OF RESULTS 


Calculation of results from the sediment height vs time data is simple. The 
percentage of particles by weight larger than a given size is obtained by dividing 
the sediment height at that size by the total sediment height. For example in 
Table 1 the percent larger than 12 microns is 


(8.3/26.1) X 100 = 31.8 percent 


The percent undersize, or the frequency distribution may be obtained in the 
usual manner from the percent larger than distribution. 


(ANGULAR VELOCITY 


STARTING AND STOPPING CORRECTION = 


Fic. 7.  TypicAL STARTING AND STOP- 
PING CURVES 
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TypicaL 


Fig. 3 illustrates a typical particle-size analysis obtained with this method as 
compared to the standard Andreason pipette and the size analysis supplied by the 
makers of the dust. At this time it will merely be stated that reproducibility and 
agreement with other methods have been found to be entirely satisfactory for all 
but a few unusual situations. Considering the compromises that have been made 
in the development of the method, agreement with other methods is good. 
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DISCUSSION 


W. C. L. HEMEon, Pittsburgh, Pa., (WRITTEN): The author is to be complimented 
on the ingenious apparatus and technique he describes for the determination of particle 
sizes. I wish to offer some comments on the general philosophy of particle size de- 
termination, comments which are directed primarily to the author’s introductory 
remarks where he refers to the air filtration problem allowing the implication that 
particle size determinations employing dispersion in liquid may be applicable to the 
definition of size properties of dust in atmospheric suspensions. 

In whatever field of technology, information on particle size distribution is only a 
means to anend. It is never of value for its own sake alone. It always serves merely 
as a bridge to the ultimate information which may range from pigment hiding power, 
reaction rates of pulverized material, the silting of rivers, the explosibility of organic 
dusts or the filtration of polluted air. In all of these instances the particle charac- 
teristics, using the term loosely, are a primary property having a direct bearing on the 
ultimate phenomenon. In practice, however, other qualities are frequently super- 
imposed on those due to the ultimate particle size alone. Thus, for example, in liquid 
suspension freedom or presence of flocculation has a major influence on the sedimenta- 
tion characteristics of particles and in the field of air cleaning similar problems are 
seen. Results of a particle size distribution measurement by a technique involving 
dispersion of the dust sample in a liquid may not be at all applicable to a study of the 
behavior of that dust as it passes in an atmospheric suspension through a filter. The 
small particles of carbon in a test dust mixture, for example, may very well fail com- 
pletely to become separated from attachment to a larger particle even on passage 
through a compressed air jet; whereas, the dispersion occurring on suspension in liquid 
for the sedimentation test is likely to be complete. The technique described in this 
paper well might be useful in air filtration studies, but it should not be regarded as a 
factual description of the effective size of the dust in that operation. 


W. A. CRANDALL’, New York, N. Y., (WRITTEN): The determination of particle size 
distribution in the subsieve size range has become an increasingly important problem in 
recent years. Dr. Whitby and his associates are to be congratulated for their work in 
this field. 

We are keenly interested in this problem for a very important reason. We have 
spent, and are continuing to spend, millions of dollars to obtain the best equipment 
for removing fly ash from our boiler flue gases. The physical, chemical and electrical 
properties of fly ash are important factors in the design and operation of this equipment. 
Unfortunately, however, there has been a lack of uniformity and standardized pro- 
cedures for determining these characteristics. This is particularly true in respect to 
the determination of particle size distribution. Therefore, we have undertaken, both 
on our own and in cooperation with other utilities, equipment manufacturers and 
research organizations, the task of evaluating existing size analysis procedures and 
developing other procedures that can be standardized throughout the industry. Hence, 
I was very glad to have this opportunity to learn more about Dr. Whitby’s method and 
to comment on it. 

There is one point that I would like to make before commenting specifically on various 
items in Dr. Whitby’s paper. Most methods for the determination of particle size 
distribution are actually methods for the determination of terminal velocity. Dr. 
Whitby’s method falls into this category. The terminal velocity distribution de- 
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termined by means of these methods is converted into particle size distribution by 
assuming that all the particles are spherical in shape and are homogeneous in respect to 
specific gravity. In many cases, it is the terminal velocity distribution in a particular 
gas or liquid that is actually desired. In our case, it is the terminal velocity distribu- 
tion in flue gas that is required. Terminal velocity distribution determined in one 
liquid or gas can be converted to a terminal velocity distribution in another liquid or 
gas only if the condition of uniform specific gravity is satisfied, and into a true particle 
size distribution only if both the condition of uniform specific gravity and spherical 
particle shape are satisfied. Therefore, it becomes very important that one realize 
exactly what information about a subsieve size material is needed and what information 
the methods under consideration actually can give. 

The outstanding characteristic of Dr. Whitby’s method, in my opinion, is its ability 
to determine particle size distribution in the smaller size ranges in far less time than is 
required by conventional liquid sedimentation methods. 

However, in studying Dr. Whitby’s paper, there were several points, rather technical 
in nature, that I felt required further explanation. Perhaps Dr. Whitby would care to 
comment on these points later. These points were: 

1. Can this method be legitimately extended to include particle sizes as small as 0.05 
micron as stated in the paper? Shouldn’t the Brownian Motion and possibly Cunning- 
ham’s correction factor be considered in the determination of sizes smaller than 1 
micron? 

2. Only a few milligrams of sample are actually used in each centrifuge tube. What 
method is used to insure that this small increment is representative of the total sample? 

3. In the calculation of results, the assumption is made that a given volumetric 
distribution in the capillary tube is directly proportional to weight distribution. When 
heterogeneous materials are segregated in accordance with terminal velocity, can it be 
assumed that a given volume of material at one point in the capillary tube has the same 
weight as an equal volume at another point in the capillary? 

4. Do volumes of material observed during the period of normal settling become 
compacted during the periods of centrifuge operation, thereby causing an error in 
subsequent volume observations? 

5. Considerable time has been devoted to the problem of corrections for the starting 
and stopping characteristics of the centrifuge. By the use of appropriate stroboscopic 
equipment, would it be possible to use continuous centrifuge operation, reading the 
volume of material in the capillary during the flash of a strobe light operating on a 
frequency equal to the rpm of the centrifuge? This should eliminate many of the 
calculations and corrections now required and shorten the time required for an analysis. 

In conclusion, I again wish to commend Dr. Whitby for his work in the development 
of this method and congratulate him upon his presentation of his paper. 


Bruce L. Evans, St. Louis, Mo., (WRITTEN): First of all I would like to congratulate 
Mr. Whitby on the very excellent work which he has done in connection with the 
measurement of small particles. 

It seems to me that there are three divisions of the air cleaning technique. One of 
these is the determination of the contaminants in the air of large industrial areas so 
that a determination can be made of what must be removed by filters in any kind of 
heating, ventilating or air conditioning system. 

Two, after samples have been collected it is necessary to have a simple method of 
determining the percentage of various sized particles to determine what is required of 
the filter. 

Three, the design and testing of standard filtration equipment to determine its 
effectiveness in removing air contaminants so as to provide the ultimate consumer 
with the proper apparatus to give him the cleanliness required. 

Based on the general description and operation of equipment made and tested by 
this paper, there is a very good possibility of developing simplified testing equipment 
that will be accurate enough for the normal commercial range required. This paper 
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should prove a valuable contribution toward correlating the studies on air cleaning 
requirements for human comfort. 


S. SyLvAN, Louisville, Ky., (WRITTEN): We are all very interested in Dr. Whitby’s 
work on particle size analysis. At the present time there are at least four methods 
more or less commonly in use and several different apparatus. None of them fills the 
requirements of scientific exactitude and practicable operation. One method may be 
convenient in some special field while a different method is preferred in others. Even 
within the small field of Air Cleaning we have to date been unable to accept a common 
method. Results are in disagreement and everybody seems to be using his own micron. 

The main requirement of a dust analyzer is that it must be consistent with itself. 
If we produce a fraction that is supposedly less than, for instance, 10 microns a repeated 
test on this fraction must show that this is essentially so. It would be interesting to 
find how the Whitby apparatus performs in this respect. If it is equivalent to other 
methods I can see no objection against any details of the techniques employed. 

The Whitby method may prove to be a very useful tool to determine an atmospheric 
dust condition. However, when it comes to defining the solids in atmospheric pollution 
it cannot furnish more than half the answer. We must differentiate between dust and 
smoke as two different and entirely independent constituents of the normal atmosphere. 
The entire problem has been aptly stated by Dr. Hemeon ina recent pamphlet, “Current 
Conceptions on Air Pollution”. Either one or both of the constituents may be ob- 
jectionable in different applications. Different types of equipment are available for 
combatting them and different measuring methods have been devised. 

The size-frequency curve may be an adequate definition of the dust constituent but 
it is doubtful if the smoke constituent can ever be described in the same fashion. 
Particles of colloidal size are simply not accessible for this type of measurements. 

We hope that Dr. Whitby and the Society will devote some attention also to this 
second phase of the pollution problem. For the art of air conditioning both phases are 
equally important. 


R. S. Farr, Los Angeles, Calif.: | would like to compliment Dr. Whitby on the 
development of an instrument that I think is going to do a lot to further the air cleaning 
industry. This new instrument will provide a better means of determining air filter 
performance than the industry has had in the past. With this type of information a 
more practica! study of our atmospheric dust problems and their solution will be possible. 

Last week in Detroit the California Research Corporation gave a paper on the effect 
of particle size on engine wear. Research of this type is constantly going on and Dr. 
Whitby’s instrument, which allows a quick method of particle size determination, 
certainly ties in to this kind of research and will provide a method for studying the 
effectiveness of air cleaning devices. 


C. S. LEopotp, Philadelphia, Penna.: This excellent paper deals with the analysis 
of a sample as collected on or in a sampling device. In order to use this method to 
determine filter performance, it is necessary that we know whether the particles arrived 
at the sampling device as discreet particles or as agglomerates. It is not sufficient 
to know the size distribution after the sample is broken down. I should like to ask the 
author what has been done on that phase of the problem. 


AuTHor’s CLosureE (Doctor Whitby): | am in complete agreement with Mr. Hemeon’s 
view that particle size analysis is only one of a number of characteristics of airborne 
dusts that are of interest in the air cleaning problem. I also realize that the size distri- 
bution measured while the particles are dispersed in a liquid may be quite different 
from the distribution of aggregates actually existing in the airborne dust. However, 
size analyses on a great variety of bulk dusts as well as considerable numbers of recent 
analyses on airborne dusts sampled in our laboratory have shown that by proper tech- 
nique it is possible to obtain size distributions by sedimentation which are close enough 
to the distribution existing in the air to be useful for many purposes. 

The usefulness of size analysis results by any method must always be judged in the 
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light of the end application and of the known characteristics of the method. Many 
of the characteristics of this method are discussed in Part II on Procedures and Ap- 
plications. Other characteristics, limitations and uses will be discussed in future 
papers on specific applications. 

Mr. Crandall’s discussion is greatly appreciated and I have the following observa- 
tions. 

The Cunningham correction is necessary for particles below 0.1 yu in size settling in 
a gas. However, the mean free path in a liquid is so much less than in a gas that the 
correction is negligible above 0.01 4. The effect of brownian motion is proportional 
to the ratio of the diffusion velocity to the settling velocity. Even though the particle 
size is small, the settling velocity is high at the speeds used in the centrifuges. Stokes’ 
law is actually used in ultra centrifuge work well below 0.01 x. 

Some data on sampling is presented in Part II. The refinement necessary in the 
sampling procedure will, of course, depend on the accuracy desired in the final results. 
Where the most representative sample is required, a bulk sample of several pounds is 
blended and split down to several grams. Then this small sample is dispersed in liquid 
and an aliquot taken from this suspension for the size analysis. Except for large 
particles above about 70 microns, which shouldn't be run by this method anyway, this 
procedure gives as representative a sample as is necessary. 

The third and fourth points in Mr. Crandall’s discussion are taken up in detail in 
Part II of this paper. 

One user of the method has actually equipped a centrifuge with a stroboscopic device 
for continuous reading. While there may be a few applications that would justify 
the extra complication and expense of such a reading method, a survey of the present 
applications of the method has shown that it probably is not justified. The virtues 
of the present simple reading system can best be appreciated by using the equipment 
for a short time. 

Research sponsored by the T.A.C. on Air Cleaning of the ASHAE, toward the ob- 
jectives outlined by Mr. Evans is actually in progress at the University of Minnesota 
at the present time. 

Dr. Sylvan’s comments regarding the lack of standardization among the users of 
particle size analysis methods is most appropriate. This need has been one of the 
factors guiding the design and development of this method. Although this method 
is a liquid sedimentation method we feel that its speed and versatility will give it a 
wide sphere of usefulness. 

The distinction between a dust and a smoke as referred to by Dr. Sylvan is not 
clear to me. The particle size analyzer makes no distinctions between the various 
sources of particles by itself. However, a nicely stratified sedimentation column is 
obtained from which it is often possible to draw some interesting conclusions by ob- 
servation of the color of the various layers of sediment. Such observations on samples 
of atmospheric dust indicate that the finest particles in an airborne dust may not always 
be the carbonaceous smokes. In numerous instances the black carbonaceous material 
has existed in the form of lacy aggrates having a Stokes’ equivalent diameter from 1 
to 3 microns. In these cases the finest particles formed a light brown layer on top of 
the black layer. Up to the present, the centrifuge method has proven to be useful on 
atmospheric dusts down to about 0.25 microns, regardless of the source of the particles. 
Development of suitable techniques by comparison with the electron microscope should 
extend its usefulness to even finer particle sizes. 

It may be of interest to know that the method is being used by at least one corporation 
for applications similar to the one mentioned by Mr. Farr. 

Concerning the discussion of Mr. Leopold, as is stated earlier and in a paper to be 
published, there are methods by which it is possible to estimate the state of aggregation 
in an aerosol. We have made satisfactory progress in this direction. However the 
highly technical nature of these methods precludes their discussion here. This work 
will be covered in a later report or paper. 
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EVALUTION OF PANEL-TYPE AIR CLEANERS 
BY MEANS OF ATMOSPHERIC DUST 


By H. A. EnpreEs*, W. T. VAN ORMAN** AND R. P. CARTER, JR. ¢, AKRON, OHIO 


HE PROBLEM of atmospheric air cleaning is largely one of removing finely 
divided and highly dispersed carbonaceous matter, commonly known as soot or 
smoke. It is the finely divided carbon present in a normal industrial or city 
atmosphere that is responsible for most of the soiling of walls and furnishings in 
buildings. These highly dispersed and electrically charged carbon particles 
become deposited on such surfaces by thermal or electrical precipitation, or by 
sedimentation after flocculation, causing a substantial economic loss in cleaning, 
redecorating expense and soiled merchandise. In this respect smoke and soot 
should be classified with moths and corrosion as a public enemy. The term spring 
cleaning is a common household expression well known to every property owner 
and tenant, which usually signifies turmoil (dictionary definition: exhausting or 
distressing labor, disturbance, or confusion) and is never contemplated with joy. 
This can be avoided, or at least substantially reduced, by efficient air cleaning. 
The carbonaceous smoke particles present in a normal industrial or city atmos- 
phere, like smokes in general, are characterized by particle sizes below 0.5 yu 
(microns). A study of atmospheric dust concentration in 14 American cities made 
by the U. S. Public Health Service in 1936 showed that the average amount of 
suspended matter in the air during the winter months was 0.51 milligrams per 
cubic meter, or 815 particles per cubic centimeter, of which 65 percent by weight 
consisted of carbonaceous matter and 35 percent of ash. This ratio of carbonaceous 
matter to ash of nearly 2:1 becomes nearly 3:1 on a volume basis, so that the 
ash is really of minor interest to air conditioning engineers. In spite of this fact, 
there has been a tendency to under-estimate the importance of the small particle 
size and highly dispersed carbonaceous matter. 
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According to the study made by the U. S. Public Health Service, the median 
size of the dust particles present in the normal city atmosphere during the winter 
months is 0.58 win diameter. The variation in particle size from city to city was 
found to be very small. Manufacturers of carbon blacks, who make smoke by 
the carload, usually refer to the surface area of their products in terms of acres per 
pound. Thus, carbon particles of the median size normally present in a city 
atmosphere would have a surface area of somewhat more than 0.5 acres per pound, 
which represents a high degree of soiling power. 

According to Drinker and Hatch!, clean country air contains as little as 0.1 to 
0.2 milligrams of dust per cubic meter, but the atmosphere in manufacturing 
towns may contain as much as 2.0 milligrams or more. The latter figure is con- 
siderably higher than the average given by the U. S. Public Health Service. 
Drinker and Hatch state that the air within a modern air-conditioned building 
should not exceed 0.2 to 0.3 milligrams of dust per cubic meter, regardless of the 
concentration outside. However, these two authorities concerned themselves with 
the health and hygienic aspects of dust and not its smudging or soiling power. An 
atmosphere containing 0.2 milligrams of highly dispersed carbon smoke per cubic 
meter would give good cause for spring cleaning. In a system where the air is 
recirculated as many as 100 times per day it would have ample opportunity to do 
a thorough smudging job. Small carbon particles have very low settling rates, 
move with the smallest air currents, and in a sense are part of the air and go 
wherever it goes. 

The authors of this paper believe that the dust used in evaluating air cleaning 
devices should be representative of the dust which is to be removed in service, and 
in most instances this is finely divided carbonaceous smoke of high blackening 
power. This concept led to the development of the weight-smoke test described 
in a previous paper. 

In a paper by R. S. Dill’, in which a photometric method of testing air filters is 
described, it is stated that tests with atmospheric dust and smoke from a fuel oil 
flame were attempted but gave uniformly low efficiencies and were difficult to 
evaluate, but a variation of this method was found satisfactory for evaluating 
electrostatic dust precipitators. The present authors have pursued this test 
method further, and by making certain modifications and refinements, have 
arrived at a procedure that can be applied to the panel-type air cleaning devices. 


PREPARED TEst DustTs 


The authors wish to correct a commonly held misconception regarding prepared 
test dusts. The dusts most commonly used, or presently being advocated, for 
evaluating panel-type air filters are composed of relatively coarse siliceous particles 
up to 100 uw or more in diameter, and 25 percent by weight, or less, of carbon in 
the form of carbon black or lampblack. The intimation is that the carbon in 
this mixture is free and becomes dispersed when the dust is injected into the air 
stream during the test. The authors have found that it is not possible to disperse 
carbon black by itself into an air stream by any of the means thus far proposed’. 
When the finely divided carbon particles are associated with coarse particles, as 
in a test dust, they do not become disassociated when injected into an air stream. 

In a test dust containing relatively large siliceous particles and fine carbon 


1 Exponent numerals refer to Bibliography. 
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particles, the latter coat over and adhere to the surface of the former due to ad- 
hesion and adsorption. This can be shown by microscopical examination and by 
means of a simple demonstration. If equal volumes of two powdered materials 
of substantially equal particle size are intimately mixed, the color of the mixture 
will be influenced to the same degree by the components. That is, a mixture 
composed of black and white particles will be gray in color and the particles will 
maintain their distinctive characteristics. If, however, the black material is finely 
divided, like carbon black, and the white material is relatively coarse, like Arizona 
road dust, the particles of the latter become coated with the former and the mixture 
will be black. The carbon black particles are then no longer free and will be 
carried on the coarse particles in the dust stream and behave as an integral part of 
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Fic. 1. HourLty VARIATION OF SMOKE 
INTENSITY AT GLASGOW, NEW YORK 
AND WESTERN PENNSYLVANIA 


the coarse particles. Therefore, such test dusts are not suitable for determining 
the efficiency of atmospheric air filters as they do not even approximate atmospheric 
dust. 

The authors have shown in a previous paper? that a highly dispersed and finely 
divided carbonaceous smoke can be generated and controlled by burning mixtures 
of alcohol and benzene. This smoke can be used to augment or reinforce atmos- 
pheric dust in evaluating filter performance when the dust content of the air is 
low. This will be discussed later in the present paper. 


HourLy VARIATION IN ATMOSPHERIC SMOKE CONTENT 


Referring to the work of Hemeon’, Fig. 1 shows thd diurnal variations in smoke 
intensity in Glasgow, New York City, and Western Pennsylvania. It is significant 
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in these three radically different locations that a maximum occurs between the 
hours of 8:00 a.m. and 10:00 a.m. In this hemisphere a minimum of intensity 
occurs at about 2:00 p.m. The meteorologist will recognize that the time of 
minimum dust content, 10 a.m. to 5 p.m., coincides with the period of maximum 
wind velocities. The maximum smoke content coincides with the sunrise calm 
integrated with the starting of industrial activity for the day. 

Through Hemeon’, the authors received curves showing the correlation between 
the smoke concentration in the air at Pittsburgh and Columbus on March 10 
through March 31, 1954, as shown in the lower portion of Fig. 2. The Coh is a 
unit defined as the quantity of carbonaceous matter corresponding to an optical 
density of 0.01. Optical density is equal to Logi (100/percent transmitted 
light). Hence, to express the number of Coh units, multiply the optical density 
by 100. 
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This excellent correlation shows that the maximum intensity of smoke in the 
air occurs at the same time in these two cities. At the 1954 Air Pollution Control 
Association meeting, where these curves were presented, they aroused much interest. 
This was the first time that such a correlation had been demonstrated. A study 
of these curves indicates that a cyclic control factor, probably of meteorological 
origin, has caused these remarkable phenomena. 

By plotting the daily average wind velocities at the airports at Columbus and 
Pittsburgh on an inverted scale, in the upper portion of Fig. 2, it is seen that the 
maximum smoke intensity occurs at a minimum wind velocity. Likewise, a 
minimum smoke intensity occurs at a maximum wind velocity. Hence the in- 
terpretation can be made that the smoke intensity of the air is inversely pro- 
portional to the wind velocity. This correlation between smoke content of the 
air and wind velocity should help clarify the authors’ interpretation of the variables 
which are encountered in testing air cleaners with atmospheric dust. 

Hubbard’ has pointed out that the Coh is actually the number of square feet of 
dust deposit of optical density 1.0 per thousand cubic feet of air. An optical 
density of 1.0 means that the dust deposit will be 90 percent black. The authors 
believe that Hubbard's proposal of a standard of 25 percent reduction in trans- 
mitted light is to be preferred. 


2 
Py 
\ res 
2 


EVALUATION OF AIR CLEANERS BY ATMOSPHERIC Dust, BY ENDRES, ET AL 55 


IMPORTANCE OF PARTICLE SIZE 


In his measurement of air pollution, Hemeon‘ pointed out that weight concen- 
tration measurements of dust in gaseous suspension give only the weight of the 
largest particles in a sample. This is true regardless of the absolute size of the 
largest particles. In outdoor measurements the weight concentration reflects only 
the air pollution nuisance commonly referred to as dust fall—the gravity deposition 
of solids on horizontal surfaces, which is primarily caused by large particles. If 
the pollution effect being explored is caused by small particles, weight measure- 
ments are worthless because the small particles contribute insignificantly to the 
total weight. This is illustrated in Fig. 3. Here it will be noted that if the one 
50 uw particle size is captured, it will represent 97 percent of the total weight involved. 


Fic. 3. Mopet or TypricAL OuTDOOR 
Dust DRAMATIZING EXTREME RANGE 
OF SIZES 


It is comparatively easy to capture a 50 w particle and more difficult to capture 
the smaller particles. The weight approach is not adequate, for it gives practically 
no credit for the capture of finely divided carbonaceous matter. 

Other authorities estimate that particles 6 w and under represent over 99 percent 
of the soiling power of atmospheric dust. Herein lies the most difficult problem 
of air cleaning. It may be easier to understand why the smaller size particles are 
so difficult to capture by referring to Fig. 4. Here, the particle size in microns is 
plotted against horizontal travel in feet. The distance travelled horizontally is 
that distance through which the particle will travel in falling a vertical distance of 
1 ft. For example, a 100 uw particle will travel only 5 ft. A 10 w particle will 
travel about 430 ft. Itis particularly significant to note that a one micron particle 
will travel 8.12 mi. In other words, there is an extremely rapid increase in the 
flotation power of the particles between 10 yw and the lower limits, which makes 
these particles incapable of capture by centrifugal or inertial forces. Only electrical 
forces operate effectively on them. 


EFFICIENCY vs. PARTICLE SIZE 


Begley® presented the curve shown in Fig. 5, which represents engine air cleaner 
efficiency plotted against particle size. This curve is similar to one published by 
a manufacturer of adhesive coated impingement filters, which shows efficiency 
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based on various particle sizes. The significant point shown by these curves is 
that below 10 pu the efficiency of the filter falls off rapidly. This is characteristic 
of most impingement filters and clearly defines the area where greater effort in 
cleaning air should be directed. 
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Fic. 5. ENGINE AtR CLEANER EFFI- 
CIENCY vs. PARTICLE SIZE OF THE Dust® 


Fig. 6 shows the agglomerated carbonaceous material accumulated 30 ft down- 
stream from a self-charging electrostatic air cleaner. These agglomerated particles 
range from 150 u to 250 uw in size, whereas the initial carbonaceous matter in the 
air was of the order of one micron and less. The authors reason that if it is possible 
to cause agglomeration by such a simple mechanism, then by recirculating the air 
it should be possible to greatly increase the efficiency of the electrostatic air cleaners. 
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Therefore, they initiated a program of evaluating panel-type air cleaners by means 
of recirculating atmospheric dust, since most of the air is recirculated during the 
normal operation of heating and air conditioning systems. 

The principles involved in the agglomeration of small particles have been demon- 
strated in the production of the furnace carbon blacks widely used in the rubber 
industry. The average particle diameter of such carbon blacks ranges from 0.001 
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NACEOUS MATTER BY PASSAGE 
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CLEANER, MAGNIFICATION 50X 


to 0.5 wu. These compare closely in size with the carbonaceous matter found in 
the air. As Keevil® states, Most of the airborne matter is in the size range of 0.2 to 
1 ut, a micron being 0.001 of a millimeter or 0.00004 in. Most furnace blacks? are 
made by a continuous process involving the partial combustion of natural gas or 
other hydrocarbons in specially designed furnaces and resulting in the formation 
of carbon black and gaseous products. After being cooled with sprays of water, 
the carbon black is separated from the gaseous stream by means of extremely high 
voltage in extensive electrical precipitator equipment, followed by a battery of 
tubular collectors. Fig. 7 shows such a system with the electrical precipitators 
turned on. It will be noted that no carbon black escaped, only a cloud of steam 
showing the effectiveness of the precipitation. A striking contrast is shown in 
Fig. 8, where the electrical precipitators have been turned off and clouds of carbon 
black escaped into the air. Thus, the principle of agglomeration is utilized in the 
collection of this fine, hard to catch carbonaceous matter. Of the carbon black 
used in 1952, 1 14 billion Ib were collected by means of this mechanism. 

In a previous paper on self-charging electrostatic air filters? the present authors 
showed that when two electrostatic filters are used in series the downstream unit 
may collect more dust than the upstream. At that time the authors were unable 
to explain this phenomenon, but since then it has occurred many times and there 
has been an opportunity to observe it more closely. Apparently, a particle which 
has escaped capture by an electrostatic filter acquires an electrostatic charge 
which causes it to agglomerate with other particles downstream. These ag- 
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glomerated and charged particles are more easily captured than the original 
particles. Hence, a downstream electrostatic filter often picks up more dust than 
the upstream filter. 


EVALUATION OF PANEL-TYPE AIR CLEANERS WITH RECIRCULATED 
ATMOSPHERIC Dust 


In the past it has been the practice to carry out evaluation tests of panel-type 
air cleaners on a single pass basis. By this procedure the air containing dust is 


Fic. 7. SHOWING THE EFFICIENCY OF 
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Fic. 8. PLANT IN FIG. 7 WITH 
ELECTRICAL PRECIPITATOR TURNED OFF 


passed through the air cleaner only once and then exhausted. As pointed out 
previously, this is not in accordance with normal air heating or cooling procedure 
where a major portion of the air is recirculated repeatedly. It is, therefore, logical 
to evaluate air cleaners by means of recirculated atmospheric dust and thus obtain 
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information regarding performance under actual service conditions. In an effort 
to accomplish this objective the following procedure was developed. 

In order to run a continuous series of tests over a prolonged period without an 
operator present at all times, a heavy duty automatic dust sampler and recorder 
with special attachments was employed. This machine is shown in Fig. 9. A 
ribbon of Whatman No. 4 filter paper is passed through the mechanism and atmos- 
pheric air is drawn through the filter paper on a schedule of 25 min for a spot and 
then 5 min for moving the tape to the next spot. Automatic controls carry out 
this function so that continuous tests are conveniently made. 

Whatman No. 41 filter paper is frequently used for atmospheric dust tests. 
Smith and Suprenant” have shown that there is less variation in Whatman No. 4 
filter paper than in conventional Whatman No. 41. Visual examination shows 
more frequent occurrence of fine pinholes in Whatman No. 41 than No. 4. The 
rate of flow of the sample of air drawn through the paper is carefully controlled 
by maintaining constant suction. 


Fic. 9. Avuromatic Dust SAMPLER 
AND RECORDER 


Recirculated air tests were conducted in a rectangular room having a volume of 
2785 cu ft. The room has four windows and a door, all of which were sealed 
against air leakage with masking tape. A wind tunnel 16 ft long and 20 in. x 20 in. 
in cross section was used throughout the tests. In all the tests an air velocity of 
300 fpm was maintained through the filter. Since this is equivalent to 833 cfm, 
the air in the room was passed through the filter every 3.34 min. 

The tracing head inserts of the recorder were changed to produce a 14-in. 
diameter spot and the filter paper tape drive speed was changed to 12 in. per hr. 
The vacuum pump was adjusted so that the vacuum was 5 in. Hg throughout the 
tests. Under these conditions a constant amount of air was sampled from the 
tunnel at a rate of 43.6 cfh. This amounted to 18.2 cu ft for each 25 min spot 
test. 

A timer was used to supplement the recorder. The maximum setting of the 
timer was 120 min on and 120 min off; however, it was set so that air was sampled 
for 25 min and the filter paper tape was moved for 5 min—a total cycle of 30 min. 

The air was sampled through 14-in. diameter copper tubing from the upstream 
side of the filter being tested. This was done so that the dust level of the room 
air would be recorded and no immediate advantage taken of freshly filtered air. 
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Evaluation of the dust spots was made by means of a 414-in.0-200 microammeter, 
a photocell unit, and a light source consisting of a 60-watt frosted glass bulb. 
The photocell unit consisted of a 314-in. diameter selenide coated photocell and a 
shield with a 144-in. diameter hole in the center. When evaluating the dust spots, 
the tape was moved so that the spot fitted exactly over the hole in the shield and 
a reading was taken on the microammeter. The reading in microamperes was 
then converted into filter efficiency using the method described in the Appendix. 
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In the initial test runs there was some air leakage into the room; however, this 
was later eliminated. The sampling pump for the recorder should not be located 
in the room where the tests are made, because the pump has an oil bath silencer 
and filter and oil droplets from the silencer may cause some discoloration of the 
filter paper. 


EVALUATION OF Viscous IMPINGEMENT FILTERS 


The performance of 1 in. viscous impingement filters, based on recirculated air 
tests, is shown in Fig. 10. The average efficiency by three separate series of tests, 
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or 107 individual tests, is 11.05 percent. This figure agrees with the commonly 
accepted values obtained by present test code procedures and published by filter 
manufacturers. It should be pointed out that in this type of filter no agglomera- 
tion takes place; hence, little or no benefits are derived from recirculation. 


EVALUATION OF SELF-CHARGING ELECTROSTATIC AIR CLEANERS ; 


Fig. 11 shows the results obtained with a 14 in. electrostatic air cleaner. Two 
separate series of tests (95 individual tests) gave an average value of 67.13 percent. 
This filter has a resistance of only 0.07 in. of water at 300 fpm air velocity. 
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In Fig. 12 an average efficiency of 70.08 percent is shown for 122 separate tests 
on a 1 in. self-charging electrostatic air cleaner. 


TESTING WITH SMOKE ENRICHED ATMOSPHERIC Dust 


It has been shown that variations in the dust content of the atmosphere may 
make it difficult to test with this medium at all times. In order to meet situations 


| 
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like this it has been found practicable to enrich the air with carbonaceous particles 
one micron and less in diameter by burning a mixture of 65 percent alcohol and 
35 percent benzene in a small laboratory lamp for a period and then proceeding 
with the tests. Fig. 13 presents the data obtained with a 1 in. self-charging 
electrostatic air cleaner using smoke enriched air, covering 48 separate tests. The 
average value is 85.05 percent. The high efficiency values may be due to the fact 
that the smoke concentration in the air was considerably greater than normal. 
Reducing the time of burning the lamp should make it possible to obtain a normal 
smoke concentration in a given test room and thus duplicate the results of atmos- 
pheric dust tests. However, other factors may be involved, such as the magnitude 
of the charge on the freshly generated smoke particles. In commenting on a 
previous paper’, Nutting stated that smoke generators produce highly charged 
aerosols, and charged aerosols are easier to collect than uncharged. It has been our 
experience with self-charging electrostatic air cleaners, that the greater the dust 
content of the air, the higher the efficiency. 
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LATED AIR PASSED THROUGH TWO 1 IN. 
ELECTROSTATIC PANEL AIR 
CLEANERS SPACED 1 IN. APART 


In Fig. 14, two 1 in. electrostatic air cleaners spaced 1 in. apart show an average 
efficiency of 77.79 percent in 93 tests. When several electrostatic air cleaners are 
employed in series, the benefits resulting from induced charges and agglomeration 
of the smaller particles by electrostatic attraction are clearly demonstrated. 

In Fig. 15 is presented another concept of the effectiveness of two electrostatic 
air cleaners spaced 1 in. apart. Here the authors use the height of a column of 
air required to produce a 25 percent reduction in transmitted light through the 
filter paper as a criterion of efficiency. It will be noticed that at the beginning of 
the test the column of air was 8000 ft in height, the peak value was 250,000 ft, 
and the overall average was 42,000 ft. This is an excellent means of visualizing 
the dirt content of the air at any particular moment. The authors are greatly 
indebted to Hubbard’ for the conception of this method of presentation and the 
mathematical calculations which follow. 


I; = transmitted light, final. 
7, = incident light through clean paper. 
L = (V,/As). 
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where 
Vz, 
A, 
therefore 
L 
L 


cubic feet of air sample to obtain (J¢/J,) = 0.75. 
spot size (square feet) = [7/(4 X 144)] X (1/2)? 
(25/60) X 43.6 = 18.2 cu ft when V’, is cubic feet of actual air sample, 
and rate of flow is 43.6 cfh. 


(V./V's) = [log 0.75/log (It/Io)]. 
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n 


= 0.00136 sq ft. 


[(V's/As) X (V./V's)] = (18.2/0.00136) X [log 0.75/log 
(18.2/0.00136) [— 0.1249/log (+/Io)] 
(18.2/0.00136) | — 0.1249/log (Io/Is)] 
[1670/log (Io/I+)] 


Another method of illustrating the effectiveness of air cleaning devices, which 
was also originated by Hubbard’, is based on the decrease in the area of discolora- 
tion having 25 percent reduction in transmitted light. 
possible to compute the cleaning benefits derived from the removal of soiling 
This is illustrated by Fig. 16. At the beginning of the test, 


dust from the air. 
the area of discoloration was 12 sq ft. 


By this method it is 


This was reduced to a minimum of 0.4 sq 


ft during the test and an average value of 2 sq ft throughout the test. 
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CONCLUSIONS 


The problem of atmospheric air cleaning is largely one of removing finely divided 
and highly dispersed carbonaceous matter, commonly called soot or smoke. There- 
fore, air cleaning devices should be evaluated by means of atmospheric dust con- 
taining the normal concentration of soot or smoke. 

Self-charging electrostatic air cleaners offer an effective and economical means 
of removing highly dispersed carbonaceous particles and other dusts normally 
present in the atmosphere, when used in conventional forced draft heating and air 
conditioning systems. 

Passage of the highly dispersed dust and smoke particles through the electro- 
static medium enhances the charge and causes agglomeration, thus increasing the 
air cleaning efficiency of a recirculating system. 
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APPENDIX 


EVALUATION OF THE Dust Spots 


In order to evaluate the series of spots on the filter paper tape an equation has to be 
used which will allow the range of efficiencies to vary from 0 to 100 percent depending 
on darkness of the dust spot. Equations based on upstream and downstream spots 
are not applicable because the recorder registered only one spot for each test period. 
However, it is possible to derive an equation from the Lambert-Beer law of transmitted 
light which gives the desired data. This law can be stated mathematically as follows: 


log = KCL 


where 
I, = incident light. 
7 = transmitted light. 
K = aconstant depending upon the transmitting medium. 
C = unknown concentration of sample. 
L = depth of the medium. 


A few assumptions must be made before this equation can be applied. First, it is 
assumed that the microampere output of the photocell is directly proportional to the 
light falling on the cell. It is also assumed that the reflectance and diffusion of the 
light through the filter paper are constant for all dust spots. This is not exactly true, 
but the differences are so small that they can be ignored. It is also assumed that the 
light transmittance through the clean filter paper is constant, which assumption was 
checked and found to be true. 

Since every spot on the tape is compared with the zero spot, the latter should be 
described first. This spot will be designated S;. Any other spot compared to the 
zero spot, Si, can be called S:. The zero spot (dust spot sampled from the unfiltered 
atmosphere) can be designated by the equation: 


log = KiC,Li 

and the spot sampled from filtered air can be designated by the equation: 
log (Io/I2) = KeCoLe 

In these equations: 


Io 


transmitted light through clean filter paper. 
transmitted light through dust spot from normal air. 
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I, = transmitted light through dust spot from filtered air. 
C; = normal dust level. 

C: = unknown dust level of filtered air. 

K, = a constant depending on the transmission at spot S;. 
Kz = a constant depending on the transmission at spot S». 
L, = thickness of the filter paper at spot S). 

L. = thickness of the filter paper at spot So. 


Dividing the equation for S, by the equation for S:, 


Reducing Equation 1, 


since 
K, = Kz 
and 
L, = Lz 
flog (Lo/T1)/log (To/I2)] = (Ci/C2). 2) 
Now solving Equation 2 for C2 (the dust level after filtration): 
C2 = C; X [log (Jo/I2)/log 3) 


Since C; is the normal dust level and C2 is the dust level after filtration, the percent 
efficiency would be equal to: 


Substituting Equation 3 into Equation 4 and reducing, a usable equation is reached, 
viz.: 
Ci [ log 
og 
Io 
log I 
= 100] 1- —' (5) 
log 


The efficiency becomes zero when J, = J;, which is the same as saying that the dust 
level of filtered air is the same as the dust level of the unfiltered air. The efficiency 
is equal to 100 percent when J; = Jo, or when the air contains no dust. These two 
conditions can be proved by simply substituting the values in Equation 5. 

Equation 5 is actually the same as that of Hubbard’, viz., 


downstream start 


tu X Qu X log - = 
Qn ya downstream finish 


Percent Efficiency = 100} 1 — - - 
upstream start 


t 
X Op X log upstream finish 


Because each spot on the tape represents the same total flow of air, the 4, X Qu term 
equals the tp X Qp term and therefore cancels out. The (ua downstream start) and 


wa = microamperes. 
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(ua upstream start) terms apply to clean filter paper, which is Jo. The (ua downstream 
finish) and (ua upstream finish) are the same as J2 and J;, respectively. 

The results obtained with the Dill dust spot tester, manufactured according to the 
National Bureau of Standards design, can also be related to this equation. Since the 
spots on the filter paper are balanced photometrically before, during, and after the test, 
the logarithmic terms cancel out leaving 


Percent Efficiency = 100 [1 — (ta X Qu)/(tp X Qp)] = 100 [(tpQv — taQu)/(toQn)] 


Usually the time of sampling upstream and downstream air is the same,-and the equa- 
tion reduces to: 


Percent Efficiency = 100 [(Qn — Qu)/Qp] 


The Dill spot tester is useful in exploring single pass efficiencies of panel air cleaners. 


DISCUSSION 


LESLIE SILVERMAN{ and D. M. Anperson,t Boston, Mass. (WRITTEN): This 
article is interesting but also highly controversial. The use of atmospheric dust as a 
means of testing air cleaners is not new and has been used for many years at our Air 
Cleaning Laboratory and by many investigators before World War II. In fact, in the 
literature on air cleaner evaluation there is mention of the use of atmospheric dust as a 
testing suspension prior to 1930. The work to which the authors refer by the U.S. Pub- 
lic Health Service was actually done in 1931-33 and appeared in 1936. The work was 
that of Ives, et al!. A study? with regard to carbonaceous content of air previously 
reported showed that the amount of free carbon may vary from less than 10 to 50 per- 
cent but that 25 percent on a weight basis would be a representative mean value. The 
ash or the inorganic material is not of negligible interest because what the housewife or 
maintenance personnel wipe off furniture and floors is largely the settled dust which is 
coarser material. A large number of fines <5 w (microns) are present along with the 
larger material and by number they predominate. 

The soiling power of the atmosphere has been recognized by many filter test codes 
which have been developed such as the original ASHVE code and the present A FJ 
code; both incorporate carbon in the mixture. The National Bureau of Standards also 
uses an ash which contains carbon for a test suspension. For many years atmospheric 
dust soiling power has been used by manufacturers of air conditioning precipitators as 
a means of rating performance. These are usually rated on a basis of 85 to 90 percent 
efficiency by stain on atmospheric dust. The authors’ approach could hardly be con- 
sidered as a new concept. 

The question of recirculation is not disputed but it must be recognized that the 
average home with warm air heating system will have from 1 to 2 air changes per hour, 
whereas a modern air conditioned establishment might reduce this value to 10 to 25 
percent make-up air, depending upon the conditions involved. Because of the large 
amount of disturbed settled dust which is drawn into the air in a house and that which 
is suspended by sweeping and other activities it cannot be stated categorically that the 
dust should only be carbonaceous. A representative dust should be one that simulates 
recognized atmospheric dust composition. 

The chief reason for atmospheric dust not being used as a test medium for panel- 
type filters in the past has largely been because of its high variability. The major 
objections lie in the fact that the length of time per test necessary to evaluate the 


¢ Air Cleaning Laboratory, Harvard School of Public Health. 

! Ives, J. E., et al (U.S. Public Health Service Bulletin No, 224, 1936). 

2A Partial Chemical Analysis of Atmospheric Dirt Collected for Study of Soiling Properties, by C. E. 
Moore, Robert McCarthy and R. F. Logsdon (ASHVE JourNac Section, Heating Piping & Air Condi- 
tioning, October 1954). 
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holding capacity of the filter at ourdoor dust loads would be impractical. This is 
to be borne in mind since the filter for which the test method is proposed is one which 
has a low holding capacity as determined by our laboratory and as the authors demon- 
strate by the tests reported in this paper. 

Another important difficulty with atmospheric dust, in addition to its variations in 
concentration, particle size, and composition, which have been recognized for many 
years, is the fact that these variations make it difficult to test from one moment to the 
next unless simultaneous sampling (that is, samples up- and downstream from the filter 
under test) is employed or a material balance should be made with absolute filters. 
The authors of this paper have apparently overlooked this important factor. 

The method of enrichment which the authors have proposed and used is completely 
uncontrolled by their method of generation. It could only be practical if enrichment 
were controlled so as to produce a constant air concentration and composition in pro- 
portion to the air conditions existing at the time of test. 

The authors’ method of producing the carbonaceous smoke is actually not capable of 
producing any better dispersion than trying to disperse carbon black or lamp black 
directly with an ejector. A highly charged and chaining aerosol is produced by burning. 

The difficulty of dispersing carbon black is because a high charge is generated or 
produced by contact which serves to reagglomerate the carbon even if the cohesive force 
of the particles is overcome. 

The authors have described the use of electrostatic precipitators for collecting carbon 
black as employed in practice. Actually, it should be pointed out that at the present 
time most of the carbon black produced in this country is collected by means of cyclones 
followed by bag filters or cyclones followed by electrostatic precipitators. The use of 
the electrostatic precipitator as an agglomerator is a fairly recent innovation in the 
carbon black industry but has been used in at least two power plants of which the 
authors have knowledge, (one installation of this type is 16 years old). The purpose 
of this approach is to reduce the size of the precipitator necessary by using it as an 
agglomerator. The authors neglect the fact that agglomeration is produced by applying 
a voltage of 50,000 to 80,000 volts in the collector. The fact that agglomeration takes 
place at 8 to 10 kv voltages is proved by the fact that several low voltage precipitators 
use a blow-off filter in series to catch agglomerated material which may be blown off 
the plates in use, if an adhesive is not used on the plates. 

The importance of particle size in filter testing has been emphasized in work on air 
cleaning for many years. The concept of fractional particle guarantees dates back to 
at least the early 1930's. It is established practice in power plant specifications to use 
fractional guarantees for mechanical collectors. In any device, depending upon im- 
pingement or mechanical collection, including filters, the particle size becomes important. 
The important concept, however, is not size alone, but terminal velocity which in- 
corporates size, shape, distribution, surface characteristics, and density. 

It is interesting to note that in Fig. 6, the authors state that the agglomerated material 
ranges from particles 150 uw to 250 uw in size. Settling velocity of such particles is so 
high they would not stay suspended in the air for any length of time. For example, 
the settling velocity for a 250 uw particle of unit specific gravity is greater than 150 fpm. 
Thus, selective removal in the test room would take place. 

The authors state that only electrical forces operate effectively on particles below 
10 wu. However, impaction forces are effective on particles of 1 uw and less and below 
1 uw, diffusion and thermal forces operate. In fact, the most effective filter we have 
today, which is capable of removing 99.98 percent of 0.3 « particles and smaller, operates 
with minimal electrostatic effects. The sampling filter that the authors used as their 
method of standardization behaves similarly. The statement fails to recognize basic 
principles of aerosol filtration. 

Using a continuous spot analyzer sampling upstream of the filter and not down- 
stream, the authors show that the efficiency of an impingement filter rises as high as 
25 percent in Fig. 10 and then drops to nearly 0 and again rises between 10 and 18 hr. 
If the room is completely protected against leakage how do they account for this second 


i 
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rise in concentration? Furthermore, if over the period of several hours an impingement 
filter is operating at 20 percent efficiency it will have removed practically all of the dust 
in the room. 

The important thing to recognize in the impingement filter coated with a viscous 
medium is that re-entrainment is unlikely because material caught on the filter is trapped 
by the adhesive and cannot escape as long as a sticky surface is available. 

If the room is sealed, as indicated by the authors, calculations show that with the 
air sampler they employed and assuming that it is 100 percent efficient, approximately 
30 percent of the room air volume is drawn through the sampling filter. Some of the 
efficiency of filters tested in this fashion would be influenced by the cleaning effect of 
the sampler itself. The room also acts as a settling chamber and the circulating fan 
can be an agglomerator also. The sampling pump was discharging air from the room 
and since it removed 14 of the air volume of the room over its sampling period it is 
obvious that at least 14 volume leakage was present or else a reduced pressure would 
result. 

The authors mention that Smith and Suprenant have shown there is less variation 
of #4 filter paper than conventional 41. An examination of their article reveals the 
fact that on atmospheric dust, #41 filter paper has 26.5 percent efficiency by count 
whereas #4 filter paper is only 15 percent. On DOP both filters give about 23 per- 
cent efficiency. On 0.5 u» particles the comparison between the two papers is almost 
identical whereas on 0.6 to 0.8 uw size particles the #41 filter paper is 64 percent efficient 
by count and the #4 paper is only 38 percent efficient. In our opinion this does not 
show #4 isa better paper. Both papers are made by the same process and the avoidance 
of numerous pin holes in either type of paper can only be done by pre-selection. 

The authors make the point that their self-charging filter is an agglomerating device. 
Evald Anderson® many years ago stated that filters are agglomerating devices. Perhaps 
we should eliminate those filters coated with a viscous medium because any attempt to 
retain the particles prevents their subsequent contact by reentrainment. Anderson 
showed that by passing dusty air through a bed of fibers a large number of agglomerates 
could be produced in the effluent air. We can show from the authors’ data that dust 
is apparentiy re-entrained from their filter which they contend is superior for atmos- 
pheric dust. Agglomeration, if it exists, can be due to re-entrainment as much as to 
electrostatic charge. Referring to the actual multiple data tests they state that two 
1 in. self-charging filters in series show an average of 77.79 percent (Fig. 14) on atmos- 
pheric dust compared to 70.08 percent (Fig. 12) for a single filter. Calculation from 
these data would indicate that the improvement of two in series is 7.71 percent and 
based on the difference between 7.71 percent and the penetration through a single filter 
of 29.92 percent, this makes the second filter 26 percent efficient. We believe this 
shows conclusively that agglomeration by the first filter does not exist to any appreciable 
extent. The authors’ first pass efficiency data for the so-called self-charging filter 
confirm tests made in our laboratory and many other laboratories indicating efficiencies 
on the order of 10 to 15 percent which falls rapidly and is highly variable due to the 
low holding capacity. 

If the room were sealed, as indicated by the authors and re-entrainment did not 
take place, why would not the air in the room become 100 percent clean within a short 
time? An equation which assumes that the fractional removal for each pass is the 
same through such a filter can be derived readily. Assuming that the dust concentra- 
tion in the room is 10’ particles per cubic foot of air with the number of air changes 
used by the authors, the efficiency necessary so that the dust concentration is reduced 
to 1 particle per cubic foot at the end of 24 hr is 


1 = 107 (1 — 


The efficiency of the filter to produce this change in concentration over the 24 hr period 


3 Chemical Engineers’ Handbook, Second Edition, McGraw-Hill Book Co., 1954. 
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need only be 0.4 percent. This, of course, neglects the fact that the sampling filter has 
also removed 14 of the air in the room as well as the room settling effect. 

It is obvious then, that the authors’ room was not tight and that re-entrainment 
takes place continually during a test to show a continual performance of their filter. 
The test on the viscous impingement filter would indicate that the dust concentration 
in the room is reduced because the dust caught is held on the filter and therefore the 
total dust level has changed. 

We cannot exactly interpret the authors’ computation of efficiency. If the original 
dust concentration in the room was used for the first measurement and all efficiencies 
are based on this value one result is obtained. If efficiencies are calculated on a basis 
of the initial value before the filter and then the test value on the next run used for the 
difference another value is obtained. In either case, the cumulative efficiency rises 
rapidly. If the original dust level is used the cumulative ecfhiency value rise is not as 
rapid. 

We did not have an opportunity to comment on the authors’ original paper with 
regard to self-charging filters but we have tested this filter in our laboratory as have 
many others with no evidence of any charge being generated on the filter. We have 
generated a charge on such fibers by mechanical friction and then tested filter per- 
formance and again we have not demonstrated any continued effect on a normal dust 
load in atmospheric air cleaning. In our tests clean air passing over the fibers does 
not create a charge at the velocity used in filtration. We would like to ask the authors, 
in view of the principle of conservation of energy, how they can explain the se/f-charging 
performance of their filter? Where does the energy come from to produce the charging? 
The dust level in normal air does not contain enough particulate matter to cause charging 
by friction against the fibers as measured in our tests. In heavy dust loadings friction 
charging can take place but these loadings would be in the range of process effluents or 
at least 1000 times atmospheric dust loadings. 

If the particles in the atmosphere already contain a charge and are deposited on the 
filter this charge might be available but this would also be a factor in other dielectric 
media rather than metal filters where the charge might leak off. However, the amount 
of charge which the dust could hold under such conditions would be minimal and by 
our measurements not of significance. 

We regret that we cannot concur with the authors’ contention that this filter is self- 
charging with atmospheric loading and the velocities employed. As a mechanical 
filter we find that it fails to provide adequate holding capacity. The authors’ tests 
have conclusively proved, in our opinion, that re-entrainment is taking place. The 
other bases for tests which the authors mention, namely, the use of height of air column 
and square feet of discoloration seem to offer nothing but another pair of arbitrary 
bases for investigators. 


A. B. ALGREN and K. T. Wuirsy,2 Minneapolis, Minn., (WRITTEN): The state- 
ments in the opening paragraph and in other places in the paper, that the problem of 
air cleaning is largely one of removing the finely divided carbonaceous matter, is an 
over simplification. There is abundant evidence that any air cleaner for residential 
use must be designed to cope with the lint problem. Furthermore, recent particle size 
studies at the University of Minnesota indicate that residential dusts may contain 
substantial amounts by weight of very low terminal velocity fragments of fiber that 
have a Stokes’ equivalent spherical diameter in the 3 to 10 uw size range. The settling 
velocity of these particles is low enough so that enough of them to be a considerable 
nuisance could stick to vertical surfaces. 

The quoted figure of 65 percent carbonaceous matter in atmospheric dust seems 
rather high. Recent studies by McCarthy and Moore‘ indicate an average free carbon 
content of about 35 percent for five different samples. 


© Research Associate. Mechanical Engineering Dept., University of Minnesota. 
4 Determination of Free Carbon in Atmospheric Dust, by Robert McCarthy and C. E. Moore (Ana- 
lytical Chemistry, February 1952, p. 411). 
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Also there is considerable evidence from dispersion studies at the University of 
Minnesota that a considerable portion of the free carbon in atmospheric dusts adheres 
to the larger dust particles under normal conditions. During sedimentation size analy- 
sis synthetic mixtures of carbon and other dusts such as fly ash and lint can always be 
separated in clean layers with the larger particles appearing bright and clean. How- 
ever, for atmospheric dusts the particles in all but the largest size ranges appear dark 
gray or black. 

Recent work by Dalla Valle, Orr and Hinkle’ indicates that the aggregation in an 
aerosol is caused primarily by turbulence, diffusion and thermal effects. Normal 
electric charges on the particles affect the shape of aggregates of particles but not the 
aggregation rate. This is not true in the strong electric field of electrostatic precipita- 
tors where ions are present. 


ROOM VOLUME + ¥ 
LEAKAGE OUT CONCENTRATION IN ROOM + LEAKAGE INTO 
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Fic. A. DIAGRAM OF TESTING Ar- 
RANGEMENT 


The source of the particles shown in Fig. 6 is not clear. Were these from an enriched 
air stream or are they normal atmospheric dust particles? What did the particles at 
this same station look like without the electrostatic air cleaner in the air stream? 

A study of the methods and data given on the evaluation of panel type air cleaners 
casts doubts on the validity and usefulness of the proposed methods. There are three 
serious objections to the methods proposed. 

The first of these is the basing of the efficiencies of a test covering a period of 24 hr on 
a dust spot sample taken at the beginning of the test. The wide fluctuations in atmos- 
pheric dust concentration possible are clearly visible in Fig. 1. These fluctuations un- 
doubtedly account for the wide fluctuations in apparent efficiency visible in Figs. 10 to 16. 

The second and third objection can be best illustrated by a nonsteady state analysis 
of the data given in Figs. 10 through 14. Fig. A of this discussion shows the system 
described by the authors. 

Rowley and Jordan® derived an equation from which it is possible to calculate the 
dust concentration in a ventilated and filtered room. This equation is: 


—(M+NE+Av?r)!t 

M+ NE + Av 
LC + D + FC,(1 — E) 


5 The Aggregation of Aerosols, by J. mr Salle Valle, C. Orr, Jr. and B. L. Hinkle (British Journal of 
Applied Physics, Supplement No. 3, 1954 

® Predicting Dust Concentration, by F. B. Rowley and R. C. Jordan (Engineering Experiment Station, 
Technical Paper No. 26, University of Minnesota, 1942) 


Ss 

t 

n 

e 

1 

h — 
e 

e 

t 

g 

4 

1 

r 

, 

l 

1 

Ce 


72 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND AlIR-CONDITIONING ENGINEERS 


where 


Cc, = concentration of dust in the room at any time ¢ after the start of the 
filtration process. 


C; = initial concentration in the room at t = 0. 
Co = concentration of dust in the air outside the room. 
L = infiltration air — cubic feet per minute. 
M = exfiltration air — cubic feet per minute. 

N = recirculated air — cubic feet per minute. 

F = outside ventilation air — cubic feet per minute. 
E = filtering efficiency. 

V = room volume — cubic feet. 

A = room floor area — square feet. 

v = effective settling velocity of dust particles — feet per minute. 
D = dust concentration produced inside per minute. 


For the situation represented by Fig. A, (L = M) (F = 0), (D = 0) and it may further 
be assumed that the fine particles measured by the spot test have no appreciable settling 
velocity, (vy = 0). Under these conditions, Equation D-1 becomes 

—(L+NE)t 
LO. L+NES‘ 
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(D-2) 

From Figs. 10 through 14, it will be noted that the apparent efficiency builds up 
during the first several hours. From this first part of the efficiency curves shown in 
the figures and from the equilibrium efficiency reached, it is possible to evaluate the 
unknowns in Equation D-2. In Equation D-2, there are three unknowns Cj, L and E. 
For the case where atmospheric dust is used as the test dust C; = C,. The two re- 
maining unknowns L and E, can be solved for in the following manner. 

Take logarithms of both sides of Equation D-2, and obtain: 


2.30 log | + | _ + NE) 


(2 L+ NE 

It will be noted that this is the equation of a straight line on semi-log papers and is 
the equation that describes the first part of the efficiency curves of Figs. 10 through 14. 
In these figures, the ordinate called percent efficiency is actually [1 — (Ct/C.)]. The 
quantity L/(L + NE) in the left hand member of Equation D-3, can be obtained from 
Equation D-2, for large values of t. L/(L + NE) is the value of C,/C, obtained after 
the dust concentration in the room has reached an equilibrium. It corresponds roughly 
to the overall average efficiency values given in the papers for each figure. However, 
some judgment had to be exercised in selecting C,/C. values from the curves to be 


(D-3) 


TABLE A 
(1) (2) (3) (4) (5) 
MIN. ji —Ct Co L+ NE 
X 100 WE 
30 47 0.53 0.33 0.416 
60 57 0.43 0.23 0.288 
90 67 0.33 0.13 0.162 
120 78 0.22 6.02 0.025 
150 77 0.23 0.03 0.0375 
180 80 0.20 0 0 
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used in the calculations because of the erratic nature of efficiency curves as a function 
of time. Using the value of Z/(L + NE) obtained in the stated manner and [1 — 
(C,/C.)] values taken from the curve it is possible to calculate values of the left hand 
members of Equation D-3 for various times as shown in Table A. If these values are 
now plotted against time on semi-log paper as in Fig. B it will be seen that they fall 
roughly on a straight line from the origin at ¢ = 0 anda = 1. The slope of the line 
drawn from the origin through these points is actually the quantity (L + NE)/V in 
Equation D-3. Simultaneous solution of these two equations yields the value of L, 
the infiltration rate into the room, and E£ the actual single pass efficiency of the filter. 

The following calculation for the data of Fig. 14 illustrates how this is done. Columns 
1 and 2 Table A are the data taken from the curve. From column 2 the data of column 
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Fic. B. VALUES FROM COLUMN 5 OF 
TABLE A PLOTTED AGAINST TIME 


5 were calculated. Column 5 is then plotted as shown in Fig. B. Next a straight 
line is drawn from the origin through the first several points and the slope determined. 
Then: 


where 


V = 2785 cu ft. 
L+ NE = 2785 X 0.0223 = 62 cfm 


From the equilibrium conditions 
Solving Equations D-4 and D-5 it is found that: 


12.4 cfm 
6.0 percent 


L 
E 


The results from similar calculations based on the data provided in the other figures 
are tabulated in Table B. 
From this table two things are apparent. First, the infiltration of air into the room 
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is high enough so that this factor rather than the filter efficiency is the most important 
factor in determining the apparent efficiency values shown in Figs. 10 to 14. 


TABLE B 

L E 

FIGURE FILTER Dust CFM % 
10 | 1in. Viscous Impingement. . Atmospheric 60 2.8 
11 14 in. Electrostatic......... Atmospheric 3.2 6.6 
12 I in. Electroctatic.......... Atmospheric 19.3 8.2 
13 1 in. Electrostatic.......... Smoke Enriched 10.0 3.6 
14 Two 1 in. Electrostatic...... Atmospheric 12.4 6.0 


Second, it can be seen from Equation D-2 that the apparent efficiency as shown in 
the figures will become 100 percent if the leakage is actually reduced to zero. Under 
these conditions any filter could theoretically give 100 percent efficiency if it was al- 
lowed to run long enough. 

Also the data of Table B show that the actual single pass efficiency of all the filters 
tested is below 10 percent as would be expected. Even if liberal allowances are made 
for the difficulties in taking data from the curves and allowances are made for the 
effects of the assumptions made, it is doubtful if the single pass efficiency of any of 
the filters tested is above 15 percent. 

The Spot Tesi: Calculation of the face velocity through the filter paper used in their 
sampler gives a value of 533 fpm. Studies at the University of Minnesota show an 
average efficiency by the spot method on atmospheric dust of about 50 percent for filter 
papers at this face velocity. Furthermore, it has been found that the efficiency varies 
widely from day to day as the composition of the atmospheric dust varies, especially 
at face velocities above 150 fpm. These two factors will introduce a further uncertainty 
into the significance of the data given in the paper. 

Where accurate results from the spot test are desired, it is advisable to use a high 
efficiency filter material such as glass fiber mat or millipore filters. If the indicated 
or similar papers are used, they should be used at face velocities below 100 fpm and 
even then the efficiency should be checked occasionally by backing with a high efficiency 
material. 


R. S. Farr, Los Angeles, Calif. (WritrEN): This paper presents a very interesting 
concept of panel filter evaluation. The authors are to be congratulated on the work 
that has gone into securing the data for this paper and the excellent organization of 
the paper. 

It is agreed by practically all persons working with air filters that the fine particles 
in the air are very largely responsible for the smudging observed. It is also known 
that the fine particles are the most difficult to catch by any means. The desirability 
of testing air filters of all kinds with a dust representative of atmosphere pollution has 
been recognized for some years. The authorities quoted by the authors are outstand- 
ing but other data not referred to, collected by such laboratories as the Bell Telephone 
Laboratory, show that the character and particle size distribution of airborne matter 
varies widely over the United States. This fact has discouraged many efforts to es- 
tablish a test dust that truly represents all the airborne material that would approach 
air intake filters. This known variability makes it most difficult to compare, on the 
basis of atmospheric dust, one filter with another unless the two filters are tested in a 
number of locations scattered over the United States. For purposes of comparison, 
therefore, it seems reasonable to adopt a standardized test dust that will give data com- 
parable to that shown in Fig. 5 of the paper in which performance is plotted against 
particle sizes in microns. With acurve such as Fig. 5 available to the user and a knowl- 
edge of local dust conditions, performance of the filter in place could be predicted. 
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With reference to the particles, 64 and smaller, the authors state that they represent 
99 percent of the soiling power of atmospheric dust. Work currently being undertaken 
by the Technical Advisory Committee on Air Cleaning may make possible the deter- 
mination of filter performance of dusts in this particle size range without having to 
depend on day-to-day variability of atmospheric dust. Further with respect to these 
fine particles, the authors state that they remain airborne for long periods of time and, 
therefore, unless they are electrostatically activated or otherwise efficiently impinged, 
they should not constitute a soiling problem to merchandise or horizontal surfaces in 
air conditioned spaces. Facts gathered by the writer by means of adhesive coated 
microscope slides placed on exposed surfaces in department stores confirmed this fact 
in that there were no particles under 54 observed on any of the 40 slides used. The 
slides were exposed for 8 to 10 days and were found to be covered with lint and a few 
large dust particles. Recirculated air in the space tested would have been loaded 
with lint and a recirculated air filter test based on the authors’ proposed method would 
not have properly evaluated the filter for this application. 

The curves of Figs. 10, 11, 12, 13 and 14 present interesting data. In the appendix 
to the paper, the authors state that the efficiency plotted as ordinate on these curves 
is determined by comparing dust spot blacknesses between the spot taken at the be- 
ginning of the test and each consecutive spot in turn. On this basis the constant effi- 
ciency of two or more consecutive S: spots of the same density indicates that no dust 
was removed from the air during that particular period of the test. A consecutive 
series of S; spots of decreasing density would show as an increasing efficiency. A 
consecutive series of S, spots of increasing density, indicating an increase in the dust 
concentration of the air ahead of the filter in the authors’ test apparatus, would show 
as a decreasing efficiency on the curve. All of these conditions are present in the curves 
of Figs. 10 through 14 at one place or another so that careless interpretation of the 
curve by one unfamiliar with the details of the testing method could lead to erroneous 
conclusions with respect to the performance of the filter. 

To make the foregoing point clear, the efficiency curve of Fig. 11 rises steadily during 
the first two hours indicating a continuing removal of dust from the recirculated air. 
From approximately hour 4 to hour 12 the curve slopes downward indicating either 
that the filter unloaded or that additional dust was introduced into the air stream in 
some other fashion. From hour 12 to hour 16 the efficiency curve rises in general 
indicating that the filter was again collecting dust. From hour 16 to hour 22 the 
curve sloped downward indicating an increase in dust concentration in the recirculated 
air. Since the authors state that the room was very carefully sealed, it may be that 
vagaries in the air currents within the room stirred up additional dust from time to 
time, but a test method subjected to such uncontrolled factors appears to lack the 
consistence of results. 

The function of air filters is to remove particulate matter from the air. Recirculated 
air applications subject filters to artificial dusts of many kinds and concentrations. 
While the test proposed by the authors may provide valuable information, lack of 
knowledge of the dust being collected makes the test comparative for one location only. 


F. LANpGRAF, McKees Rocks, Pa., (WRITTEN): The authors have described a means 
of evaluating air cleaner performance in a closed system by periodically recording the 
dust content in the recirculated air represented as a proportionate function of the 
initial dust content. 

Since the recirculating system is sealed and no additional dust could enter after the 
run began, it is difficult to understand the negative slopes shown on the curve in Fig. 
10. This curve would lead one to believe that the viscous impingement filter had 
twice loaded up to where it had retained approximately 25 percent of the dust in the 
system and twice unloaded until after 17 hr it was perfectly clean and the dust content 
of the system was the same as when the run began. 

This seems inconceivable, since with no filter in the system at all, based on the flota- 
tion curve shown in Fig. 4; after 17 hr the air would have traveled about 58 mi at a 
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maximum velocity of 300 fpm (much slower in the room) and, therefore, should have 
dropped out an appreciable portion of its dust load. 

Obviously, dust fall out becomes a factor in any closed recirculating system. How- 
ever, this factor is at best very difficult to evaluate and bears no relation to the filter 
under test. Therefore, a method of evaluating a filtering device including an unre- 
lated indeterminate factor is open to question. 


ARTHUR NutTTING, Louisville, Ky. (WRITTEN): In discussing this paper, | want to 
refer to Fig. 11. Anything I say about this figure can be applied also to Figs. 12, 13, 
and 14 which report test results on synthetic fiber filters. In considering this test, we 
should keep in mind that we are recirculating air from an air tight room at 15 air changes 
an hour. A filter is in the air circuit. The room is sealed tight so dust cannot enter 
by accident and no dust is added in any way to the air system. 
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In this Fig. 11, the authors have measured the amount of dust in the air at regular 
periods and have compared the measurements to the quantity of dust that existed at 
the beginning of the test. This curve then, expresses the dust condition in the room 
throughout the period of test and is not an expression of filter performance. Fig. 11 
does not show directly what filter efficiency is—so I would like to take the authors’ 
data and interpret it in the only way I think it makes sense. (See Fig. C.) 

Referring to Fig. C at the first test point, 35 parts of dirt have been removed—65 
percent (the quantity above the line) remain in the air. At the 2-hr interval—78 
percent of the dust has been removed and 22 parts (the quantity above the line) of 
the original quantity are left in the air. Now, let us look at the dust condition at the 
12 hr point. At this point, the air cleanliness (filter efficiency as the authors call it) 
there were only 22 parts at 2 hr. After 10 hr of operation, during which time the air 
and dust passed through the filter about 150 times, the air is 214 times dirtier. Now 
this is a test of air filter performance, and if we credit the filter for improvement in 
cleanliness, then we must also charge it for making the air more dirty. So, I believe 
it is correct to say that during this 10-hr period, the filter effectiveness is minus 150 
percent. Going to the end of the test; at 24 hr, the air cleaner contains 30 parts of 
the original dust whereas at the 2 hr interval, it contained 22 parts. So, in 20 hr opera- 
tion, the net result in room condition, is an addition of 8 parts of dust, or a minus ef- 
ficiency of 35 percent. Minus because the air is dirtier. 


| 


DiIscUSSION ON EVALUATION OF PANEL-TYPE AIR CLEANERS, ETC. 77 


Now, I believe it is correct to use the condition of the air at the 2 hr point as a base 
of comparison for the following reasons: 


1. It is well known that dust particles will naturally agglomerate and by gravity 
settle out. This will make the air cleaner. 

2. Air turbulence in a fan system will accelerate this natural agglomeration and 
cause more than normal dust settling, thus resulting in cleaner air. 

3. Dust will impinge on all the surfaces and remain there and the authors make 
reference to this in their opening paragraph. This will make the air cleaner. 

4. By thermal precipitation, dust will deposit on all surfaces. All these natural 
phenomena will act to make less dust in suspension. So, for these reasons, in a recir- 
culation system, the room air will immediately begin to become cleaner as soon as the 
fan system is started and would do so whether or not an air filter were in the system. 


This test method is not acceptable, but if it were, the authors should have operated 
the system for a period of time to allow the dust condition to come to a balance before 
beginning their test, and thus, eliminate the just mentioned variables. By using the 
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condition of air at the 2 hr point interval on Fig. C, we eliminate the variables and the 
filter performance can be expressed more accurately. Now, I want to show you point 
by point how the complete curve would look with the 2 hr point used as a base. 

The filter (See Fig. D) has only two points of positive efficiency because there are 
only two points where the air is cleaner after the second hour. The performance falls 
to —150 percent at the twelfth hour as explained before. 

Now the efficiency can be expressed in another way, a way more usual for an engineer. 
That would be by expressing the efficiency in terms of the hour to hour change. For 
instance, by comparing the condition at the fourth hour with the second and the con- 
dition at the eighth hour with the sixth, and soon. This will give a performance curve 
for this filter as shown in Fig. E. There are as many negative points as there are 
positive, which agrees with the authors data, and it should be this way because there 
was practically no change in the cleanliness of the room after the second hour. Now 
I do not believe this filter added dust to the air at any time. In my opinion, the air 
was made dirtier during the test because the test room was not air-tight as the authors 
believe. I think that the dust measurements as shown in Fig. C are really a reflection 
of changing dust conditions in the outside atmosphere—and, if this is so, the test has 
no integrity. 

At the 1952 Annual Meeting of the Society in St. Louis, the authors presented a paper 
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on this same type of self-charging electrostatic filter. Since that time, some one-half 
dozen similar filters have been placed on the market. Air filter manufacturers have 
had an opportunity in the past two years to investigate all of these synthetic fiber 
filters and I know that they will support the statement that there is absolutely no 
electrostatic effect present in this type of air filter. None of us has ever been able to 
measure an electrostatic charge on the filters. We have tested them in every con- 
ceivable way and they do not remove smoke or in any way perform like an electrostatic 
filter. We have even applied electrostatic charges of 15,000 volts from the external 
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power supply and cannot measure that the filter cleans air to any degree except in the 
first few minutes of operation, there may be a few percent of dust removal. If the fiber 
of this type filter becomes slightly coated with dust or the relative humidity raises to 
the order of 50 percent, the surfaces become electrically conductive and even with the 
external power supply, the charge will disappear and the dust removal becomes zero. 
If an unlimited source of energy does not force the filter to perform, then how can it be 
expected that air friction in an air conditioning system can do so? 

The data expressed in Fig. C, therefore, when interpreted as it should be, support 
the findings of air filter manufacturers that filters of this type made of synthetic fibers 
have absolutely no electrostatic properties in an air filter. 

These questions naturally came to mind: 


The authors object to synthetic dusts on the ground that the small carbon parti- 
m. ride piggy- -back on the coarse particles. I believe this is what happens in nature; 
little particles join each other and little particles ride on big ones, ‘and I ask if the authors 
can produce any evidence to the contrary. 

We are acquainted with the fact that charged dust will precipitate heavily on the 
walls of a ventilated space. If this device charges the atmospheric dust, what would 
prevent the dust from being collected in the room never reaching the filter in succeed- 
ing air changes? 

The authors have had several years to test these filters in every way and they 
have even devised new test methods, but what is the filter efficiency as measured by 
the usual methods of test such as: U. S. Bureau of Standards Method, AMERICAN So- 
CIETY OF HEATING AND AIR-CONDITIONING ENGINEERS Filter Test Code or tests by 
the Air Filter Institute. 


B. L. Evans, St. Louis, Mo. (WRITTEN): This paper is well written and certainly 
goes to the heart of evaluating the performance of the various types of panel type air 
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cleaners and their effectiveness as applied to the removal of the atmospheric dust which 
is to be found in the average industrial area. 

From the results shown on various types of panel air cleaning equipment it is very 
obvious that some cleaning equipment is very low in efficiency, especially in the smaller 
sized ranges. This study correlates with the present study being conducted by the 
Technical Advisory Committee on Air Cleaning and will, I believe, eventually lead to 
the development of a testing code so that the end user will be able to determine in 
advance what results he may expect from the type of filtering equipment chosen. 

This paper will help point up the usefulness of present filtering equipment and help 
in the final determination of what a user has a right to expect when buying air cleaning 
equipment. 


G. W. Penney, Pittsburgh, Pa. (WrRiTTEN): This paper includes a discussion of 
Testing with Smoke Enriched Atmospheric Dust and discusses it particularly as related 
to the testing of what the authors call self-charging electrostatic air cleaners. If we are 
testing an air cleaning device to determine the efficiency at which such a device will 
clean air in service, I would like to question the use of anything except the actual at 
mospheric air pollution. It is my opinion that the only ultimately conclusive test is 
one made on the air cleaner as installed in service and tested on the actual atmospheric 
pollution on which it must operate. Fortunately, the air pollution in most cities is 
sufficiently similar so that a test in one city is frequently indicative of the performance 
in another city. However, artificial smokes may be entirely different from normal 
atmospheric pollution and so, in my opinion, they should not be used for performance 
tests unless it can be shown that they behave like the actual atmospheric pollution to 
be removed. 

The use of artificial smokes or dusts seems particularly questionable in the case of 
self charging electrostatic devices. Since such devices are made from high resistivity 
plastic materials, they can, of course, hold an electrostatic charge for a time. This may 
temporarily provide an electric field for precipitating charged particles, but there does 
not seem to be any adequate means of replacing the charge which leaks off or is used up 
by precipitating charged dust. There is likewise no means for charging the dust parti- 
cles entering the filter. 

Since the device does not provide for charging the dust entering the filter any charge 
on the dust as it enters the filter is vitally important. Freshly dispersed dusts usually 
have a strong electric charge. Likewise freshly generated smoke particles may be 
charged. However, atmospheric dust is very weakly charged if charged at all. James 
W. Hansen in his doctor’s dissertation at the University of California (1948) measures 
the initial charge and rate of loss of charge on dust. He shows that even though the 
particles polluting the atmosphere may have had a charge as generated, when suspended 
in the atmosphere for a time these particles would lose their initial charge through 
the natural ionizing processes in the atmosphere. 

The paper refers to Testing with Smoke Enriched Atmospheric Dust. In enriching 
atmospheric dust the smoke added usually becomes the controlling factor. My ex- 
periments indicate that benzene-alcohol smoke has unusual characteristics. Using 
the mixture specified in the paper and passing the smoke at low velocity through the 
collector cell of a two-stage precipitator with voltage on the plates but no charging volt- 
age, this benzene-alcohol smoke could be efficiently removed. Normal atmospheric 
dust would not be efficiently removed under these conditions. This demonstrates the 
initial charge on the smoke indicating that it is not a suitable material for testing these 
so called seif charging devices which have no provision for charging the dust. 

Another peculiar characteristic of benzene-alcohol smoke particularly for a mixture 
of 50 percent alcohol and 50 percent benzene is the tendency to form chains when 
passing through an electrostatic field. Of course, many dusts show a slight tendency 
to form chains under these conditions, but the benzene alcohol smoke seems to show it 
to a degree that is entirely unlike normal atmospheric dust. This chain formation 
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could explain the improved performance on recirculation since these long chains would 
be readily removed by any filter. 

In conclusion, it is my opinion that one must be particularly careful in the testing 
of these filters made of plastic materials. It seems reasonable that one can readily 
devise a test using freshly generated smokes or dust which are initially charged and 
likewise handling the filter in such a way that the plastic is also charged. A high effi- 
ciency might then be obtained for a short time. However, it is my opinion that in 
normal operation any initial charge on the plastic will either leak off or be neutralized 
by collecting ions from the air so that after a short time the device must function as an 
ordinary filter. Any test must, therefore, accurately represent actual operating con- 
ditions in all particulars if it is to be conclusive. 


W. K. Grecory*, Louisville, Ky., (WRiTTEN): My conclusion after reading this 
paper, is that the authors started out with the untenable premise that the prime func- 
tion of an air filter is to remove particles ranging in size from 0 to 0.5 uy. 

The authors state that, the median size of the dust particles present in normal city 
atmosphere during the winter months is 0.58 uw in diameter. 

I do not propose to question this statement, but after 31 years’ experience in the air 
filter industry, | know for a fact that the major portion of the dust which reaches an 
air filter consists of much, much larger particles. When I entered the air filter business 
in 1924, the only filters which were manufactured at that time were 4 in. thick, made of 
steel wool or metal ferrules and coated with oil. Similar filters, somewhat improved, 
are in wide use today and they get good and dirty in a relatively short time in most 
localities. 

These viscous impingement filters are the foundation on which the air filter industry 
was built and, as one of the many manufacturers of such filters, our company is free to 
admit that the efficiency we obtain on dust particles ranging from 0 to 0.5 u is relatively 
low, possibly not much more than the 11.05 percent shown in Fig. 10 of this paper. 

Nevertheless, with a good viscous impingement filter, you can eliminate the greater 
portion of the dust which would otherwise settle on walls and furniture, and for the 
average home or office such filters, while far from perfect, have proven adequate. 

The high concentration of dust above 0.58 uw in size which is caught by viscous im- 
pingement filters is probably due to the fact that the outside air which enters them is 
usually taken in close to a roof or sidewalk, where winds or passing vehicles throw 
relatively large particles in the air. Where air is recirculated, large particles are placed 
in suspension by people walking about and tracking in dirt from the outside. 

It is, therefore, imperative that in devising a test procedure for the evaluation of air 
filters, that larger dust particles which are capable of being airborne, be included in any 
test dust used. 

The Air Filter Institute, which includes all the pioneer companies in the industry and 
whose members account for at least 80 percent of the dollar value of all air filters sold, 
has given a great amount of thought to the development of an air filter test code by 
which the practical value of unit air filters may be determined. 

The test dust chosen has the following analysis: 25 percent K-1 lamp black, 3 percent 
No. 7 cotton linters, and 72 percent Standardized air cleaner test dust (fine). 

Particle sizes for the K-1 lamp black range from 0.01 to 0.5 uw and fine air cleaner 
test dust contains 39 percent of particles in the 0 to 5 uw range, so we have a total of 53 
percent of particles under 5. The largest particles in this test dust are 80 u, and only 
22 percent of the particles are larger than 20 uw. According to the A FI code procedure, 
this dust is picked up from a traveling tray at a uniform rate by an air actuated aspira- 
tor and is dispersed into the duct ahead of the test filter under 60 lb air pressure. The 
dust fed to the filter is weighed and the dust passing the filter is caught by an absolute 
filter having an efficiency of 99 percent plus, after which it is weighed. Efficiency is 
thus accurately determined on a weight basis. 


* Continental Air Filters, Inc. 
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Granted that some agglomeration of the particles of lamp black does occur, and some 
coating of the larger particles of air cleaner test dust takes place, it is, nevertheless, 
evident from comparative tests with other types of dust, that the lamp black is broken 
up into very fine, hard-to-catch particles. 

As an example, every filter we have tested has shown a lower efficiency on A FI test 
dust than on standardized air cleaner test dust (fine) alone. The air cleaner test dust 
contains 39 percent by weight of particles in the 0 to 5 uw range and the A FI dust con- 
tains only 28 percent of particles of this size plus 25 percent lamp black. This indicates 
that a considerable portion of the agglomerates which undoubtedly occur in the lamp 
black are effectively broken up by air pressure employed for dispersing the dust. 

In conclusion, I would like to say that, while it is certainly desirable to remove as 
large a percentage as practical of dust particles in the 0.5 u range, no air filter is practical 
which will not show a reasonably high efficiency when tested by the A FI method. Since 
our company manufactures a filter which employs synthetic fibers and could, therefore, 
be considered a self charging electrostatic air cleaner (although we have not used this 
nomenclature), I am not disposed to minimize the value and practicability of filters of 
this general type, for commercial reasons, if nothing else. Nevertheless, our com- 
pany has taken the position that to be practical, a filter of this type should show an 
efficiency of at least 70 percent when tested in accordance with the AFI code and 
should have a reasonably high dust holding capacity. 


Lester T. Avery, Cleveland, Ohio (WRITTEN): This paper on air cleaning is most 
interesting. Those of us who use air conditioning for ourselves and supply it to others 
will agree with the premise smoke and soot should be classified with moths and corrosion 
as a public enemy. 

Well do we recall the early disappointments in the forced air heating system with 
the much-extolled filter to find we still had discoloration above grilles and continued 
need for paint-washing and paper-cleaning. It seems that the authors’ explanation of 
how soot collects on more heavy particles which can be filtered out adds a little light 
to the question of why you get so much discoloration downstream from a filter. It 
appears to me that the soot may be riding along on the heavier particle, sort of a loose 
skin effect. This is the only rational explanation we have for the very obvious ad- 
vantage of the electrostatic cleaner in holding this black material. 

This paper also gives me an opportunity to comment on the basic fallacy of thinking 
on the part of the ordinary warm air heating industry. Somehow, somebody decided 
that fan operating cost was important so fans were designed with a minimum pulling 
power and the smallest possible motors and then put on intermittent operation. Noth- 
ing could be more disastrous to good air cleaning. If we somehow could get the manu- 
facturers, contractors and owners to understand the problem, we would use heavier 
fans and quiet, put on larger motors and plan for continuous fan operation, thus getting 
the virtues of the recleaning that is so ably pointed out in the paper. Even a filter that 
is only 10 percent efficient on small particles will gradually clear them up by the repeti- 
tive process of passing through 6 or 8 times an hour and limiting the new material to 
what comes in by infiltration or brought in on rubbers and shoes and clothes. So I 
submit that, in making better filters, we must have stronger fans to handle air against 
higher resistances. 

It also permits me to point out that ordinary air cleaning is not simple, should not 
be over-simplified in its selling or equipment. Good air cleaning may involve stage 
operation whereby we have different means to remove gases, heavy dirt and smoke and, 
of course, odors that do not necessarily come out with filtering the above. ‘‘Cleanliness 
is next to Godliness” and I think it is as true in air as it used to be in people. 

Now that our Society is using a new name, AMERICAN SOCIETY OF HEATING AND 
AIR-CONDITIONING ENGINEERS, INC., we are taking a very serious interest in air con- 
ditioning problems and air cleaning is certainly one of them. Again thanks to the 
authors for this paper. 
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W. C. L. HEmMEoN, Pittsburgh, Pa. (WRITTEN): It is difficult to evaluate the sig- 
nificance of the recirculated air efficiency data presented in this paper because so many 
details of procedure and results have been omitted. The basis for evaluating the 
solids content of a particular filter paper sample is essentially the same as the blackness 
test and is basically sound, provided, however, that the electrical output of the photo- 
cell is, in fact, directly proportional to the incident light. This cannot be assumed to 
be true as the authors indicated was done, otherwise entirely false conclusions from 
test data may result where photocell and ammeter are incorrectly matched. 

The mathematics in the appendix do not tell us clearly how the efficiency data were 
obtained from a sequence of single blackness measurements on filter paper samples 
all taken upstream of the air cleaning unit. It is necessary to infer that the procedure 
consisted of the comparison of one 25-min sample with a similar sample immediately 
following it, and that the ratio of the corresponding optical densities of the two samples 
provided the basis for calculating efficiency during that hour. 

If our inference is correct we are then led to a question illustrated by the following 
example. In the absence of any reported test data let us assume an initial concen- 
tration of solids during a particular 25-min period of 6 COH’s per 1000 ft of air, a fairly 
smoky atmosphere’. Taking 70 per cent as a typical efficiency figure, we would expect 
smoke concentrations to be reduced in about 3 hours to a level where the accuracy of 
the light transmission reading is seriously impaired. We are, therefore, unable to 
understand how it was possible to obtain satisfactory measurements for periods up to 
24 hours in length unless outdoor polluted air was admitted to the test chamber at 
intervals. Perhaps the authors failed to emphasize that the atmosphere was enriched 
with the artificial smoke early in the test period. In that event one might suggest 
that enhanced efficiencies were due to the particular character of the artificial smoke. 

No evidence is reported in the paper to prove that there was no significant infiltra- 
tion of outdoor air which, if it occurred during the periods, would subject the test 
results to the characteristic variability of diurnal changes in outdoor smoke concen- 
trations. The scatter of data shown in the graphs, in particular the dips seen after 
several hours have elapsed, do, in fact, suggest the possibility of such influences. 

Apart from the content of this particular paper I should like to comment on the 
filter testing controversy that has occupied the attention of a segment of the Society 
for several years. In a consideration of outdoor air pollution’ due to dust and smoke 
we have found it useful in clarification of the problem to make a sharp distinction be- 
tween the properties and effects of coarse particles which are characterized by the ability 
to settle out by gravity and fine particles like fuel smoke which do not. We see no 
reason why the same considerations do not apply to the cleaning of air for building 
ventilation, and if it were recognized it would logically lead to the conclusion that 
there are two types of dirt to be considered—coarse dust and fine smoke. The soiling 
properties of each are entirely different, their origin is not the same and the difference in 
their size properties indicates that they cannot be measured by the same technique. 
From this it follows that two separate and distinct test methods are needed. The black- 
ness test, one form of which was applied by the authors in this paper, would represent 
ap appropriate test method for one type of soiling potential, and a weight efficiency 
method would be applicable to the other type. It would then be of paramount im- 
portance always to emphasize in applications that the two types of pollutant are as 
different in all respects as, figuratively speaking, a gas and a liquid. 


C. B. Rowe, Madison, Wis. (WRITTEN): In my opinion, the basic philosophy which 
guided the preparation of this paper is well summed up, in a previous writing,’ by one 
of the authors... our philosophy is that if you can pick up the finer particles, coarser 


7 Determination of Haze and Smoke Concentrations by Filter Paper Samplers, by W. C. L. Hemeon, 
G. F. Haines, Jr. and H. M. Ide (Air Repair, August 1953). 

§ Hemeon, W. C. L., Sensenbaugh, J. Deane, and Haines, George F. Jr., Measurement of Air Pollution, 
{nstrumenis, Vol. 26, April, 1953. ; 

* Self-Charging Electrostatic Air Filters, by W. T. Van Orman and H. A. Endres (ASHVE TRANSAC- 
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particles will take care of themselves. \n the work described in this paper, it appears 
that the coarse particles are left to take care of themselves. Any work which com- 
pletely ignores the existence of the larger particles is of limited value. 

The terms atmospheric air and atmospheric dust, from general use in the field and 
from the authors’ paper, apply to air and its dust load as found in the out of doors. 

The majority of filters that are manufactured and sold are used in such applications 
as home furnaces, unit heaters, and central system filter banks. Air passing through 
filters used for such applications is generally 75 to 100 percent re-circulated. Only 
from 0 to 25 percent of the volume circulated is what is referred to as atmospheric air; 
75 percent or more of the air is re-circulated air. 

For purposes of discussing air filtration, I define re-circulated air and re-circulated air 
dust as the air and its dust load as it occurs in space used for general occupancy. 

To gain some conception of the nature of the dust load in re-circulated air we removed 
a number of filters from various types of installations such as home furnaces, package 


Fic. F. Siz—E AND Quantity ANALYsIs OF Dust FROM Two FILTERS IN AN 
APARTMENT HOUSE FURNACE 


air conditioners, and central system filter banks. We washed the dust load out of 
each of these filters with dry cleaning fluid and then collected the dust load from the 
cleaning fluid by filtration. The components of the collected dust were then separated 
by sieving. A typical analysis is shown in Table C. Fig. F shows a typical set of 
extracted dust specimens. 

The foregoing procedure can be criticized on the basis that, (1) particles which the 
filter did not arrest are not accounted for, and (2) particles which the filter did arrest 
possibly agglomerated and thus increased the apparent particle size. However, from 
visual and microscopic examination of the dust particles it was very apparent that a 
substantial part of the total bulk was made up of particles which are vastly larger than 
those contained in the atmospheric air described by the authors of this paper. For 
example, all of the samples checked contained substantial quantities of lint. In our 
opinion, it is dust of this type which panel type filters are commonly used to collect, 
and in selecting a test dust, dust of this type certainly should be considered and in- 
cluded. We believe that the significance of the dust load in atmospheric air is, at most, 
of secondary importance. 

We recognize the importance of recirculation. However, it is certainly not realistic 
to go on from there and place a filter testing unit in a completely sealed and presumably 
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unoccupied room. Such a test cannot duplicate the conditions present in an occupied 
room. ‘Test results, particularly if air flow resistance changes are included, obtained in 
an unoccupied room are of no value in predicting the performance of an air filter in an 
occupied room. This is especially true of the conditions of an average home involving 
rugs, furniture, pets, clothing, children, and opening and closing doors. 

Under the heading Evaluation of Viscous Impingement Filters the authors state that 
efficiency values of 11.05 percent were obtained on viscous impingement type panel 
filters. They further state that this value is in line with the commonly accepted values 
obtained by present test code procedures and published by filter manufacturers. The 


TABLE C—SiEVE ANALYsIS OF Dust SPECIMEN EXTRACTED FROM A PANEL FILTER 
USED IN A DEPARTMENT STORE CENTRAL SYSTEM FILTER BANK 


WEIGHT OF | 
SIZE OF WEIGHT FRACTION IN NATURE OF 
FRACTION IN OF FRACTION PERCENT OF | FRACTION 
MICRONS IN GRAMS TOTAL WEIGHT 
+417 aa | 8.1 Lint, Coarse dust, Agglomerated particles. 
| | 
-417 | | 
+350 1.9 2:3 | Lint, Coarse dust, Agglomerated particles. 
—350 | | 
+208 3.3 3.7 | Mostly Lint; Few clumps Agglomerated 
| dust particles. 
—208 | 
+177 | 4.2 4.7 | Lint; Dust, Agglomerated particles. 
-177 | 
+147 | 3.6 4.0 Lint, Agglomerated dust particles. 
—147 
+61 9.2 10.2 Lint, Dust particles, Agglomerated parti- 
cles. 
—61 
+46 9.6 10.6 Lint, Dust particles, Agglomerated parti- 
cles. 
—46 
+43 25 2.8 Lint, Dust particles, Agglomerated parti- 
cles. 
—43 48.8 54.2 Fine Dust Particles. 


concern with which I am connected is a major manufacturer of viscous impingement 
panel type filters. We do not accept nor publish such figures as representative of the 
efficiency of the panel type filters which we manufacture. Also, I do not know of any 
method having the status of a recognized code which will yield such results on a good 
panel type filter. The authors should be more specific in describing the filters and the 
code to which they are referring. 

In the discussion under the heading Efficiency Versus Particle Size, the authors 
make the statement, Hence, a downstream electro-static filter often picks up more dust 
than the upstream filter. \n inspecting the efficiency results described under the heading 
Evaluation of Self Charging Electro-Static Air Cleaners we note that the data plotted 
in Fig. 11 show an average efficiency of 67 percent and those plotted in Fig. 12 show 
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an average efficiency of 70 percent. Those plotted in Fig. 13 show an average ef- 
ficiency of 85 percent. If two of these filters are used in tandem, it is obvious that 
#2 filter could not pick up more dust than 1 filter if the efficiency of the #1 filter 
exceeded 50 percent. Consequently, if the #2 filter often picks up more dust than the 
#1 filter, it can only be concluded that the test results often do not apply to a filter 
under its working conditions. In this respect, the test method displays the same defect 
for which other proposed methods have been severely criticized. 

It should be further noted that test results by other workers in the field do not confirm 
the effectiveness of panel filters, working on the ‘‘self charging electrostatic” principle 
off either fine or coarse!®:™ dust. 

In examining Fig. 15, it is our understanding that the plot represents the progressive 
magnitude of the airborne dust load in a closed and sealed room where the air is being 
re-circulated through a filter. If this is correct, I do not understand why the air gets 
cleaner for the first 10 hr of running and after reaching a maximum state of cleanliness, 
it gets dirtier again until it reaches about the same stage of cleanliness that it had after 
4 hr of running. 


M. E. Jacosy,* Newark, Ohio, (WRITTEN): We do not agree with the authors that 
the test they propose is suitable for evaluating panel-type air cleaners. Our experience 
with atmospheric dust indicates that it is highly unreliable for testing, and that many 
precautions must be taken before significant conclusions can be drawn from such data. 

In the absence of precautions necessary for a valid comparison, supporting data 
should be given. For example, the dust concentration in the test room is compared 
with a discoloration measurement obtained before starting the test. To interpret the 
figures, much information is needed about this preliminary measurement: 


1. Was the preliminary comparison spot based on one measurement or several? Were 
they as widely variable as the points which appear in Figs. 10-14? 
What was the dust concentration at the start of each test? 
3 What were the conditions of temperature, humidity, etc., under which the tests 
were run? What were outdoor dust and wind conditions? How long was the room 
closed before the test started? 


As another example, it is stated that in initial tests there was some air leakage into the 
room; however, this was later eliminated. This is obviously an over-simplification—for 
one thing, 43.6 cu ft per hour were exhausted through the sampling pump. The 
question naturally arises as to how much leakage really occurred during each of the tests. 
Was it affected by outdoor wind velocities? Would this help to explain the wide fluctua- 
tions in the dust level of the room during the test? 

There are other cases where questions arise; the point is, however, that much supple- 
mentary data is required for proper evaluation. Since such data was not presented, 
the conclusions about so-called sel’-charging electrostatic filters seem a little reckless. 

We feel the authors’ use of the word efficiency should be corrected. In Figs. 10-14 
the ordinates should more properly be labeled relative dust concentration vs. running 
time. Weare not sure of what the dust concentration is relative to, but after about an 
hour’s running time it does not seem to decrease any more. From the authors’ de- 
scription, we conclude that no dust was being caught. By all past definitions the filter 
efficiencies would have been called zero. 


L. L. DoLiinceR, Jr., Rochester, N. Y., (WRITTEN): In order to hasten to our 
comments on the test method and results, we concede most of the preliminary discussion 
of the difference between atmospheric and artificial dusts, the desirability in some 
cases of testing filters under operating conditions and the efficiency of the single pass 
type of electrostatic filter as demonstrated so aptly in Figs. 7 and 8. 


10 New Developments in Air Cleaning, by Leslie Silverman, (American Industrial Hygiene Association 
Quarterly, 15:3, September 1954). 

1 Discussion, by C. B. Rowe (ASHVE TRANSACTIONS, Vol. 58, 1952, pp. 66, 74). 

* Owens-Corning Fiberglas Corp. 
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We do not immediately comprehend why, after a prolonged discussion of the desira- 
bility of testing filters with outside atmospheric dust, the authors proceeded to test 
their filters in a room which was carefully sealed to prevent the infiltration of any out- 
side air and airborne dust. 

As we understand it, a dust spot was taken from the air in the test room at the 
beginning of the test and all subsequent readings were compared with the first reading. 
Therefore, the values which were plotted in Figs. 10 to 13 as efficiencies are actually 
percent cleanliness of the room air as compared with the original reading or, reading 
in reversed direction, one gets percentage dirtiness of the air as compared with its 
original condition. Without, at the moment, discussing the desirability of sketching an 
overall average for points which vary as much as they do in these graphs, the significance 
of the straight line average is that the filter did not have an efficiency of 10 or 87 per- 
cent as designated, but rather an efficiency of zero from the time at which the average 
efficiency was reached. 

We question the significance of the overall average as indicated by a straight line 
because it would seem that the user of the filter would be interested in knowing the 
variation in efficiency from hour to hour, since the greatest smudging of protected goods 
or equipment would take place at points of minimum filter efficiency. We further 
question the significance of curves drawn through points representing average efficiencies 
at given running times. In some cases there is as much as a two-fold variation in the 
efficiencies at the same running time for three separate series of tests. It might have 
been more instructive to plot the curve for each series of tests separately but it is not 
possible to do this in the absence of published data or some means of distinguishing 
between points for the separate runs on the graphs. Therefore, for the sake of dis- 
cussion, let us consider the graphsas drawn. Taking Fig. 12 as an example, the dirtiness 
of the test room is increased from 20 to 50 percent of its initial dirtiness between the 
seventh and the twelfth hours of running time. If one leaves out of consideration 
variables other than the efficiency of the filter, this means that the filter had a negative 
efficiency to the extent that enough dirt was blown out of the filter back into the room 
during this 5-hr interval to increase the dirtiness of the air to 250 percent of its dirtiness 
at the beginning of this 5-hr period. Wherever a curve has a negative slope, this means 
a negative efficiency. It would seem that it might be possible to find some kind of 
function involving the derivatives of these curves which would be more representative 
of the actual hour-by-hour efficiencies. 

Mention was made of the fact that, after the beginning of the tests, leaks were dis- 
covered in the seals about the door and windows. If the readings taken during the 
time of leakage are represented by the horizontal row of points across the time axis in 
Fig. 10, they should, of course, have been omitted. The authors are not clear as to 
just what readings were taken under non-standard conditions. 

Whereas the viscous panel exceeded its average efficiency during the first sampling 
period by more than 100 percent, the filter represented in Fig. 13 did not attain to its 
average until after more than 3 hr, corresponding to about 60 passes of the same air 
through the filter. A rather large number of passes was also required in the case of the 
filters represented in Figs. 11 and 12. 

In view of the wideness of the scattering of experimental points on the graphs, we 
are inclined to think that all the scattering is not due to the characteristics of the filter 
but that probably a large portion of it finds its origin in the test method. We feel that 
there must have been considerable sedimentation of dust within the room during the 
test period and there might well have been a cycle in this sedimentation caused by a 
repetition of conditions as dust was deposited first in one crevice or on one protected 
surface and then picked up and deposited elsewhere. The cyclic nature of the con- 
ditions is indicated by the repetition of minimum at the end of 12 hr and by the striking 
resemblance between the various curves. 

In their introductory paragraph, the authors discussed the fact that the carbonaceous 
matter in atmospheric dust is the portion which causes the greatest soiling or, in other 
words, is removed from air most readily by thermal or electrical] precipitation or ordinary 
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sedimentation. It is also well-known, of course, that soot adheres readily to most 
surfaces. These facts together with the observation that the percent cleanliness of 
the air was greater after soot was introduced seems to corroborate our previously- 
mentioned suspicion that this method of testing involves too many variables due to 
the possibility of sedimentation of dust in the test chamber. 

One incidental question which comes to mind is how to account for the finite ef- 
ficiency at zero running time represented by the graphs in Figs. 10,11 and12. Perhaps 
this was an oversight in plotting. 

In view of the foregoing comments, we can summarize by saying that we question 
the validity of this method of testing filters because (1) while the filters are presumably 
tested with atmospheric dust, the tests are made in a room which is sealed against the 
infiltration of atmospheric dust, and (2) because we feel that the test conditions are 
such as to give variable results entirely independent of the characteristics of the filter. 
Even if the test method were valid, we feel that it would not be of general interest but 
only of interest to those who are interested in filters through which it is necessary to 
pass the air as many as 60 times before achieving the desired results. 


ROOM VOLUME 2785 CU FT 
OF ROOM VOLUME/HR -i8 


25MIN /SPOT 
| AUTOMATIC 5 MIN. /CHANGE 


FILTER TESTED OUST 
ON Sze SPOTS | RECORDER GROUNDED 
SAMPLING 
PROBE 
AIR 


BLOWER S.=ORIGINAL DUST SPOT- NO FILTER USED 
S2*SUBSEQUENT DUST SPOTS -RECIRCULATED 
FILTERED AIR 


Fic. G. TrEstinG ARRANGEMENT 


Avutuors’ CLosurE: During the presentation of the paper, the authors introduced 
an additional illustration, Fig. G, which illustrates the testing arrangement. It should 
be noted that no external discharge for the sampling pump is shown as indicated in 
Fig. A of the discussion by Professor Algren and Dr. Whitby. The air from the sampling 
pump was discharged into the room. Otherwise Fig. G is self-explanatory. 

Professor Algren and Dr. Whitby contend that the authors’ statement that the 
problem of air cleaning is largely one of removing finely divided carbonaceous matter, 
is an over simplification of the air cleaning problem and that our quoted figure of 65 
percent carbonaceous matter in atmospheric dust is high as indicated by their figure of 
35 percent supported by only five samples. It is relatively unimportant whether the 
figure is 65 or 35 percent, but we believe most filter manufacturers agree it is important 
to remove carbonaceous matter from the air. Carbonaceous matter is the source of 
the damaging effects on walls, woodwork, drapes and merchandise, whereas, the other 
contaminants may be wiped off without damage. 

Professor Algren and Dr. Whitby also point out that a considerable portion of the 
free carbon in atmospheric dust adheres to the larger dust particles under normal con- 
ditions. This is not substantiated by the performance of impingement type filters or 
by microscopic examination of cascade impinger test slides. 

Referring to the work of Dalla Valle, Orr, and Hinkle, the statement is made in the 
discussion of Professor Algren and Dr. Whitby that normal electrical charges on the 
particles affect the shape of aggregates of particles but not the aggregation rate. We 
do not believe that this statement is applicable in the tests cited because we have shown 
visual proof that the agglomerate size is increased as a result of passing through a self- 
charging electrostatic filter as exemplified in Fig. 6. We know the original particle 
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size of the carbonaceous matter was 1 yu or less, and after passing through the filter the 
particles became 150-250 yu in size. 

The particles shown in Fig. 6 were taken from the Army Base Telephone Exchange 
in Oakland, California, 30 ft down stream from a self-charging electrostatic filter. 
These were not obtained from the enriched air stream and they are normal atmos- 
pheric dust particles. We have obtained the same type particles down stream in 
several other localities. We have seen numerous instances here this has occurred. 
Without the electrostatic air cleaner in the air stream they wuuld be invisible. 

We are glad to learn that the wide fluctuations clearly visible in Fig. 1 are recognized 
and we agree that they probably have a bearing on the fluctuations in Fig. 10, however, 
careful examination of Figs. 11 to 14 does not reflect the wide fluctuations. 

We do not agree that the rate of infiltration of air into the test room is high enough 
that this factor rather than the filter efficiency is the most important factor in de- 
termining the values shown in Figs. 10 to 14. Fig. H shows the results of 542 tests as 
shown in the curve. We used an AJSI recorder inside the room, passing a column of 
air 5500 ft in length through No. 4 filter paper at a velocity through the filter paper of 
46 fpm. An identical recorder was used to measure the dust contained in the outside 
air so that simultaneous dust spots could be matched. Atmospheric dust content in 
terms of percent reduction of transmitted light is plotted against the filter efficiency as 
determined by direct comparison of matched inside and outside spots. 

In order to make the tests severe and rigorous, the door to the test room was opened 
174 times per day so that the infiltration of air in the room was abnormally high. Here, 
the overall cleanliness of the air in the room compared to the outside atmosphere, 
which we have termed filter efficiency, is 48.39 percent. The authors believe that this 
value represents abnormally high infiltration of air and compares directly with the 
results of Fig. 12 where the average efficiency is 70.08 percent with little air leakage. 
We disagree that under our test conditions any filter can theoretically give 100 percent 
efficiency, if allowed to run long enough. However, in each one of these tests cited 
there were 432 volume changes of room air passing through the test filters which should 
be ample time to establish the practical filter performance. Also referring to Figs. 10 
to 14 we believe that the trend is clearly established that no further improvement of 
filter performance will be achieved by continuing the test. 

In Table B of the comments by Professor Algren and Dr. Whitby we come to the 
value of L representing air infiltration in cubic feet per minute. We note 60 cfm is 
the air infiltration assigned Fig. 10. It seems unreasonable that this value, which 
should be a constant, is 3 to 6 times higher than for the tests examplified in Figs. 11, 
12, 13 and 14. When we compare air infiltration values for Figs. 11 to 14 we find 


Fic. CFM PERCENT 

11 42.2 1.35 of 833 cfm 
12 19.3 2.35 

13 10 0.8 

14 12.4 2.5 


Therefore, air infiltration plays only a small role in these tests. 

Furthermore, we disagree with one assumption in the equation of Rowley and Jordan. 
The dust concentration produced inside per minute (D) does not equal zero and, there- 
fore, casts doubt on the validity of values obtained in Tables A and B. Dust was 
being produced constantly by the V-belt drives on the tunnel and sampling pump. It 
was also known, as stated in the authors’ paper, that the oil bath silencer on the sampling 
pump was emitting oil droplets into the air. 

When the equation is simplified, the term D is present. Therefore, this value has 
played a major part in causing fluctuations in the efficiency curve not only the term L. 
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Therefore, air leakage cannot be blamed entirely for the variations in Fig. 10. It is 
the author’s opinion that the variations shown in Fig. 10 well represent the difficulties 
encountered in testing ordinary viscous impingement type air cleaners on atmospheric 
dust. 

Statement is made that it is doubtful if the single pass efficiency of any filter tested 
is above 15 percent. This apparently is a matter of opinion and we accept the opinion 
of Professor Algren and Dr. Whitby on this value. In fact, the integrated efficiency 
on the curve in Fig. H indicates that with low dust content in the air it is possible to 
achieve 15 percent, which is lower than single pass efficiency. However, since attention 
has been directed to single pass efficiency and values quoted, we would like to introduce 
Fig. J, a curve showing single pass efficiencies run on self-charging electrostatic filters 
at varying velocities where each test is a result of 3 hr testing on matched spots and 
the single pass efficiencies range from 34 to 55 percent using the National Bureau of 
Standards Test Method on atmospheric dust. 

The authors should like to emphasize that their paper does not deal with single pass 
efficiencies but with the integrated efficiencies as represented by room air cleanliness. 

Comment has been made on the 533 fpm velocities through the filter paper of our 
sampler. The authors recognize that this velocity is high and here again would like 
to point out that on the curve, Fig. H, the velocity through the filter paper was 46 fpm 
and the results are substantially in agreement with the 533 fpm. We feel this is proof 
that the velocity through the filter paper does not have much bearing on the results. 

The use of high efficiency filter papers is desirable but impractical due to the large 
number of tests necessary. 

We value Professor Algren’s and Dr. Whitby’s comments, however, we feel air 
cleaning efforts should be directed toward the measurement of the inside air cleanliness 
just as the Air Pollution Control Association directs its efforts to accurately measuring 
outside air dirtiness. 

As regards the discussion by Professor Silverman and Mr. Anderson the authors 
would first like to state that they do not claim that the use of atmospheric dust for 
testing filters is new. 

Carbonaceous dust is responsible for most of the soiling which makes house cleaning 
and redecorating necessary. Other dusts may be more important |from a public health 
standpoint, but these dusts were not the subject of our paper. 

Accelerated filter evaluation tests with special dusts are like accelerated weathering 
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tests on paints. They give an answer, but correlation with actual atmospheric tests is 
questionable. Twenty-four hours is not considered too long a time for an accurate 
evaluation of filter efficiency. Dust holding capacity is of secondary importance and 
is not the subject of the present paper. 

We admit that our test procedure is a deviation from standard practice. This was 
intentional as the previous methods have been found wanting by many investigators 
and the authors consider that a new approach is necessary and desirable. 

It is recognized that the method of testing with smoke enriched atmospheric dust 
needs improvement and refinement. In a previous paper!? the authors described a 
method of controlling the smoke concentration and its characteristics. It was found 
that carbon black or lamp black cannot be dispersed with an ejector and that the carbon 
must be generated in situ. 

Professor Silverman should check reference 9, on the Reference List of the authors’ 
paper, (p. 69), on the use of cyclones and bags before electrical precipitators. The 
rubber industry would certainly like to know if the manufacturers of furnace blacks 
are using the wrong sequence of equipment in their process. 

The statement concerning 1 to 2 air changes per hour does not agree with p. 142, 
line 8, of THE GuipE, 1954—A ventilation rate between 8 and 12 changes per hour is 
desirable In the average home the recirculation may run from 120 to 240 changes 
per day. 

The drop in Fig. 10 to low values is covered in our comments on Mr. Dollinger’s 
discussion. The room air volume drawn through the sampler is not a factor in the 
filter performance because it applies equally in all cases. The discharge from the 
sampler was not exhausted from the room and, therefore, cannot be classified as needing 
replacement. 

The authors disagree with the statement that, if over the period of several hours, an 
impingement filter is operating at 20 percent efficiency it will have removed practically 
all of the dust in the room. Fig. 10 shows no indication of removing all dust, only 11 
percent of the total. Fig. 5 shows clearly what happens to fine particles. They go 
right through and few are caught even by recirculation. Hence there are fine particles 
which never will be captured by viscous impingement filters. 

In reference to the filter paper used, we chose the No. 4 paper on the basis of all the 
data presented by Smith and Suprenant. In their Table III (reproduced here) the 
particle count was reduced more by the No. 4 paper except for the 0.6-0.8 yu fraction. 
In their Table IV (also reproduced) are the values referred to by Professor Silverman: 


Count ANALYSIS OF AIRBORNE PARTICLES—PERCENT OF EACH SIZE (Fae = 


FILTERED AIR 


DIAMETER | UNFILTERED 
MICRONS AIR PAPER | PAPER 

No. 4 No, 41 
below 0.4 | 31.8 45.2 | 47.4 
0.4-0.6 | 42.6 38.1 40.3 
0.6-0.8 16.2 | 14.2 9.1 
0.8-1.0 6.8 2.4 
1.0-2.0 1.6 0.6 | 0.8 
over 2.0 1.0 aed 


Prof. Silverman seems to believe that the efficiency of the No. 41 paper is better 
because of his quoted values of 64 percent and 38 percent in the 0.6 uw to 0.8 » range. 
But Table IV indicates that the 0.6 w-0.8 w range is the only one where No. 41 out- 
performs paper No. 4. 


12 Self-Charging Electrostatic Air Filters, by W. T. Van Orman and H. A. Endres (ASHVE Transac- 
TIoNns, Vol. 58, 1952, p. 53). 
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It is immaterial which paper is the better because the effects of the sampling are 
cancelled out when comparing any of the curves. Also air pollution recorders as de- 
veloped by the American Iron and Steel Institute and other recorders use No. 4 paper. 

The efforts to show that reentrainment influences the tests is most determined. 
There is no evidence of this in Fig. 10 and the high level of performance shown in Figs. 
11 through 14 refutes this contention. 

The reason the room does not become 100 percent clean is simple. No filter is 100 
percent efficient and with this system we reach a point where the particles are of such 
size, shape and density as to preclude further cleaning. 


FILTERING EFFICIENCY BY PARTICLE SIZE FOR EACH OF SEVERAL AIR SAMPLING 
MepiA (TABLE IV) 


| FLow Rate OF 20 FPM 
PARTICLE DIAMETER 
MICRONS 


} PAPER No. 4 PAPER No. 41 
below 0.4 | 23% 23% 
0.4-0.6 22 28 
0. 6-0.8 38 64 
0.8-1.0 | 79 | 74 
1.0-2.0 | 74 70 
above 2.0 100 100 


Regarding single pass efficiencies see Fig. J and our comments covering the discussion 
by Professor Algren and Dr. Whitby. 

Anyone interested in the nature, magnitude, persistence and measurement of electro- 
static charges on high dielectric plastics is referred to the work of Woodland and Ziegler 
reported in Modern Plastics, May 1951, p. 102. In this paper it is pointed out that 
electrostatic charges on plastics can only be measured by specialized techniques. This 
is probably the reason why Professors Silverman and Anderson have found no evidence 
of any charge. 

Fig. H shows clearly that with increased dust content improved efficiencies are 
obtained. We know from National Advisory Committee for Aeronautics tests that 
dust is necessary to produce electrostatic charge. Six years’ experience shows the self- 
charging electrostatic filter has adequate holding capacity. 

Reentrainment is not a factor in these tests. The use of the height of air column 
and square feet of standard discoloration was suggested by an outstanding authority 
on air cleaning and offers a new perspective on a complex problem. The authors 
believe that this perspective has value and should not be rejected lightly by mere 
statement of opinion. 

In conclusion, we wish to point out again that the objective of the paper was testing 
panel type air cleaners by means of atmospheric dust, and was not concerned with the 
type of filters. 

The authors agree with Mr. Farr that the use of a uniform standardized test dust 
for the evaluation of filter performance would be highly desirable, but such a dust 
must be more nearly representative of average normal atmospheric dust than any thus 
far devised. 

The fine particles present in atmospheric dust are capable of remaining suspended 
in the air for long periods of time, but they do constitute a soiling problem due to 
electrostatic and thermal precipitation. Hence the soilage of walls and ceilings. 

Mr. Farr’s point on the possibility of careless interpretation of Figs. 10 through 14 
is well taken and the authors hope the reader will take sufficient time and effort to 
clearly understand them. Recirculated air is being widely used in homes, offices, and 
industry today and, therefore, may properly be considered part of the problem. 
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The authors feel that they should correct Mr. Nutting on the number of air changes 
per hour. There were actually 18 air changes per hour. 

Mr. Nutting’s choice of the 2-hr point in Figs. 11 through 14 is seriously open to 
question. The air cleaning processes listed 1 through 4 apply equally well to viscous 
impingement filters so they too are being given equal credit for work which they did 
not do in cleaning air with the result that all averages are somewhat higher. Let us 
choose the 10-hr period for the discussion of Fig. 11. Here the performance is close to 
zero. The selection of a single point in Fig. 11 enables anyone to find what he wants 
to find, but here again the emphasis should be directed toward average values. In 
the author’s 1952 paper (p. 66) we gave the Reference 2 Static Dust Collection on 
Plastics, by P. C. Woodland and E. E. Ziegler. In this reference on p. 15 we find this 
statement. 


This work has also shown that electrometer readings are valuable only when ob- 
tained and interpreted by a person completely familiar with the use of the instrument. 
In this respect the situation resembles that of cross-polaroids which can be used con- 
structively to indicate certain conditions within a plastic molding, but which can be 
misused by the novice to indicate conditions that do not exist. 

Thus it is that a neutral condition on a molding might be indicated by an electro- 
meter and might well be interpreted to mean that no dust will collect on that molding. 
The fact might be that a very high positive and negative charge, existing side by side, 
are balancing each other out as far as the instrument is concerned, and that unusual 
and heavy dust deposits might be expected in both areas. 


The authors present the following answers to the three questions mentioned by Mr. 
Nutting. 

1. The great distances smoke travels disputes the piggy back theory. Also under 
Mr. Farr’s comments he pointed out he could find no particles under 10 yu in hissedi- 
mentation test plates. 

2. The electrostatic and thermal precipitating power of the walls is insignificant 
compared to that of the electrostatic filter. This is shown by the cleanliness of walls 
and ceilings of rooms in buildings where electrostatic filters are used. 

3. Fig. J gives the answer obtained by the National Bureau of Standards Method. 
The ASHAE filter test is now considered obsolete. No formal action of either ap- 
proval or disapproval has been taken by ASHAE on the AFI test code. 

The authors agree with Mr. Landgraf that sedimentation is a factor in this system 
without question. It was our purpose in introducing a control viscous impingement 
filter to provide a comparative level of filter performance. If we knew how to elimi- 
nate sedimentation it would reduce the levels of Figs. 10 to 14 by an equal amount, 
say 5 percent. 

The authors appreciate Mr. Evans’ comments. 

In reply to the comment by Dr. Penney the authors would state that the inclusion 
of smoke enriched atmospheric dust tests was prompted to provide a means of testing 
for emergency use under conditions of unusually clean air which make testing impossible 
otherwise. We heartily agree the actual atmospheric dust is the best way to test air 
cleaning devices. Fig. H shows the long time test of sufficient number to answer Dr. 
Penney’s thoughts on short time efficiencies. The authors recognize Dr. Penney’s 
service in the air cleaning field and express their appreciation of his valued comments. 

The authors are pleased with the agreement of Mr. Gregory to the test values for 
viscous impingement filters shown in Fig. 10. One of the country’s outstanding au- 
thorities has said that improvement in air filtration must come in the better collection 
of the finer particles. Our paper suggests a test method which is a practical applica- 
tion of evaluation on the real problem—removing atmospheric dust. The authors 
have commented on the AFI test code many times through the Open for Discussion 
columns of Heating, Piping & Air Conditioning. We are not in favor of the code 
since it does not represent atmospheric dust. 

Mr. Avery points out the need for larger fan motors to permit continuous fan opera- 
tion, with which we heartily agree. 
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Mr. Hemeon points to the need of correctly matched photocell and ammeter. These 
were calibrated to insure that the electrical output of the photocell was directly propor- 
tional to the incident light. 

Fig. G presented at the meeting should clarify the foundation of the mathematics 
used. All spots were compared to the original dust spot Si. 

Fig. 13 represents the only conditions under which the atmosphere was enriched by 
artificial smoke. 

Every effort was made to prevent infiltration of outdoor air by sealing all crevices 
with masking tape to minimize the influence of diurnal and other cyclic changes of 
atmospheric dust content. We believe the infiltration influence has been held to a 
sufficiently low value so as not to appreciably affect the results of our tests. The hills 
and valleys of our curves may also be influenced by the discharge of the sampling 
pump and the v belt drive to the blower. 

We believe Figs. 3, 4 and 5 illustrate Mr. Hemeon’s thoughts that there is a sharp 
dividing line between fine and coarse particles in their behavior and properties. We 
suggest that 10 wu may well be considered as the boundary line. It happens to be the 
dividing point between visible and invisible particles which seems to add stature to this 
boundary. Classification of dust particles from centrifugal separators seems to fit 
very nicely this 10 w dividing line. The authors congratulate Mr. Hemeon for the 
work he has done in the Air Pollution Control Association and fervently hope that his 
suggestion that we have a fine and coarse dust problem to be treated separately may 
find acceptance in the Society. We believe the fine dust problem has been neglected 
much too long. 

It is the privilege of Mr. Jacoby to disagree with our tests, but when he indicates 
atmospheric dust is highly unreliable for testing, we believe the word should be variable. 
Atmospheric dust is the condition encountered and its removal, the objective of air 

filtration. The Wright Brothers were not daunted by variable wind velocities or is 
modern aviation completely stopped by variations of weather. Testing on atmos- 
pheric dust is not easy, but it is the problem and should be faced. 

All the precautions of a research laboratory were used to guard against the many 
variables involved materially influencing the results. Representative dust spots were 
submitted but space and printing accuracy precluded their inclusion. To answer the 
questions listed by Mr. Jacoby: 

1. The preliminary dust spot was not based on one spot and the spots were not 
widely variable. 

2. The dust concentration at the start of each test was 25 percent reduction in trans- 
mitted light for a column of air 13,400 ft in length or a greater concentration. 

3. The temperatures were 77 F, humidity was not controlled. The outdoor dust 
and wind conditions were isolated by sealing the room. The room was open 24 hr be- 
fore each test run and the door closed and sealed immediately after the 5S, spot. 

The 43.6 cu ft per hour discharge from the sampling pump was discharged into the 
sealed room and, therefore, may not be considered as being replaced by leakage. 

The supplementary data exemplified on Fig. H should do much to satisfy the re- 
quirements of this method of testing. This was covered in our answer to the comments 
of Professor Algren and Dr. Whitby. 

Figs. 10-14 represent the effectiveness in cleaning the air and, therefore, may properly 
be called efficiency. It should not be confused with single pass efficiencies. Seven- 
teen times in the text we have mentioned recirculated air and we believe no one can 
misunderstand our intentions. 

With reference to the remarks of Mr. Rowe, the authors believe, as Mr. Hemeon 
has pointed out, that the problem of cleaning air is a two-step problem, one of fine 
particles and one of coarse particles. Our paper covers atmospheric dust and the 
measuring technique emphasizes fine particles. We note in Table C and Fig. F of 
Mr. Rowe’s discussion that under 43 yu are classified as fine particles. We submit that 
10 uw and less is a better classification. The sealed room is an excellent research ap- 
proach enabling a control of variables not possible before. Fig. H shows what happens 
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in an occupied room. Mr. Rowe questions the value of 11.05 percent being in line with 
viscous impingement tests. We can cite at least one case. The authors recall that 
in a booth of a filter manufacturer in the 1953 ASHAE show there was a display of 
filter efficiencies. Using the Bureau of Standard Test Method that manufacturer 
showed 5 percent efficiency for various impingement filters. 

Regarding Mr. Rowe’s comments on the paper which two of the authors presented 
in 1952, we refer to the TRANsAcTIONS ASHVE, Vol. 58, 1952, pp. 75 and 76. 

Regarding the comments of Mr. Dollinger, the authors point out that in their test 
method they allow the test chamber to become full of atmospheric dust in normal con- 
centration. Then the chamber is sealed off to prevent atmospheric variations from 
affecting the results. By this step they can control the variables more closely. This 
is simply good research procedure. 

The average efficiency as shown in Figs. 10 through 14 is the index of performance 
of the filter from the start to finish of the test. The point to point efficiency after the 
average line is reached is zero, but this average line serves as a yardstick in evaluating 
the overall performance of the filter. 

Hourly variations in efficiency are of little use to anyone. In choosing a filter for 
your own use would you choose a filter with an overall average of 10 percent or one 
with 70 percent? Hourly variations mean little by themselves. Also it is not a matter 
of maximum smudging power at minimum efficiency, for it happens during the summer 
months that the efficiency is close to zero yet the atmosphere is exceptionally clean 
and has less smudging power than at other times—Fig. H exemplifies this fact. 

The negative efficiencies referred to in Fig. 12 are not due to the filter performance 
alone. Therefore, any comment involving only a segment of the curve is as useless 
as taking a word out of text. Fig. H should clarify any hourly variations. 

Leakage was discovered during the initial test runs; however, no such data is included 
in the paper. 

The time involved in reaching the overall average is of little significance. The 
curves were meant to represent how well the air has been cleaned. The overall aver- 
ages speak for themselves. 

The so-called wide scattering of points in our curves as mentioned by Mr. Dollinger 
is caused by several factors. Because the room was sealed off, it was difficult to con- 
trol temperature, pressure, and relative humidity. By increasing the number of filters 
as shown in Fig. 14 and in further tests with 3, 4 and 5 filters in depth the points were 
not widely scattered. It has been our experience that panel type filters exhibit cyclic 
performance, and all this cannot be blamed on the method. 

In referring to sedimentation Mr. Dollinger misquoted our words. The term the 
authors used was sedimentation after flocculation, not ordinary sedimentation. The 
particles of the soot were too small to allow them to settle out. Agglomeration oc- 
curred first so the particle became large enough to be captured. 

Concluding our comments, we like the truly automatic method of recording dust 
concentrations and credit should be given to the Air Pollution Control Association 
for making this development possible. That group tells us how dirty the air is outside 
and by applying the same method we can measure the cleanliness of air of spaces in- 
tended for human occupancy. 

It is our hope that the reader will not believe we have provided all the answers to 
the problem but we do feel gratified by the interest and number of comments received 
from so many noted authorities in the air cleaning field. 
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PRELIMINARY STUDIES OF HEAT REMOVAL BY 
A COOLED CEILING PANEL 


By L. F. ScuutruM*, Joun Vourts** anp T. C. Min***, CLEVELAND, OHIO 


This paper is the result of research carried on by the AMERICAN 
SOCIETY OF HEATING AND AIR CONDITIONING ENGINEERS, INC., at 
its Research Laboratory located at 7218 Euclid Ave., Cleveland 3, Ohio. 


EAT EQUIVALENT to one-half ton of refrigeration (6000 Btu per hr) 

can be removed from a living room of normal size by a cooled ceiling panel 
alone, operating only 10 deg below room temperature. This fact has been demon- 
strated by experimentation in the ASHAE Environment Laboratory under the 
research program planned by the TAC on Panel Heating and Cooling. 

The program will supply reliable design data for panel-cooling systems. Such 
systems are becoming increasingly popular. Although this is not the final report 
on the subject, it does give information on factors that are important in design and 
those which are not. 

Following the completion of the studies of panel-heating, an investigation of 
space cooling by cooled ceiling panels was started. The complete panel-cooling 
program, as outlined by Group Bt of the TAC on Panel Heating and Cooling, 
includes four phases. The first, which is the subject of this paper, is concerned 
with the heat exchanges that take place in a ceiling panel-cooled space under 
various conditions of surface temperatures, infiltration and furnishings; but does 
not include the effects of the introduction of conditioned air, luminaires, or solar 
energy. In the second phase, now in progress, heat-transfer relationships in a 
room cooled by a combination of a cooled ceiling panel and conditioned air are 
being studied. The third and fourth phases will include the modifying effects of 
luminaires and solar radiation on panel performance. 

The final report on the panel-cooling program will probably be presented soon 
after mid-year 1955. 


CONCLUSIONS 


1. Ceiling-panel cooling is an inversion of floor-panel heating, and the per- 
formance of a cool ceiling panel can be predicted from the performance of a warm 
floor panel. 


* Research Supervisor, ASHAE Research Laboratory. Affiliate of ASHAE. 


** Former Assistant Research Engineer, ASHAE Research Laboratory. 

*** Research Engineer, ASHAE Research Laboratory. Junior Member of ASHAE. 

t Group B—Heat Transfer between the Panel and the Space: J. M. van Nieukerken, Ceohnen: Cc. do 
Mackey, Vice Chairman; C. M. Ashley, W. P. Chapman, W. S. Harris, Linn Helander, E. S. Howarth, 
A. T. Jorn, C. F. Kayan, H.A. Lockhart, W. E. Long. R. L. Maher, R. A. Miller, D. L. Mills, G. L. Wiggs. 

Presented at the 61st Annual Meeting of the AMERICAN SOCIETY OF HEATING AND AIR-CONDITIONING 
ENGINEERS, Philadelphia, January 1955. 
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2. An appreciable amount of sensible heat can be removed from a room by a 
cooled ceiling panel, the surface temperature of which is above normal inside dew- 
point temperatures. In a typical test a ceiling at 10 deg F below room tempera- 
ture absorbed 20 Btu per (hr) (sq ft) of ceiling area. 

3. Infiltration of warm air and internal, convective, heat sources must be con- 
sidered for design purposes. 

4. Non-uniform wall and floor temperatures can be represented by area-weighted 
average temperatures (AUST)f in calculating heat pickup by a cooled ceiling. 

5. Room furnishings can be neglected as they affect the heat pickup by only 
approximately 5 percent. 


Test EQUIPMENT AND CONDITIONS 


Tests were made in the ASHVE Environment Laboratory, which was constructed 
several years ago for the study of heat transfer within a panel-heated or panel- 
cooled space. This room is 24.6 ft long, and 12.2 ft wide. For all tests reported 
in this paper, the adjustable ceiling was at a height of 8 ft. The temperatures of 
all six surfaces of the room were accurately controlled and measured. Heat flow 
to or from the surfaces was metered by approximately 150 plate-type heat-flow 
meters. Heated air was introduced at six locations in the room to simulate in- 
filtration. A detailed description of the construction and instrumentation of the 
room is given in an earlier paper.! 

Tests were made with various combinations of panel surface temperature, wall 
and floor temperatures, and infiltration air quantity and temperature. In some 
cases, the four walls and the floor were maintained at the same temperature, thus 
creating a uniform environment while in other tests, non-uniform environments were 
created by holding the floor and various parts of the walls at different temperatures. 
In a few tests, windows were simulated by heating certain 4 x 5 ft panels to a tem- 
perature somewhat higher than that of the adjoining wall surfaces. Non-uniform 
environments were also obtained by neither heating nor cooling a certain area, 
but permitting it to seek its own equilibrium temperature. Such an area is re- 
ferred to as a neutral surface. 

Most tests were made with the room empty; but a few tests were made with 
room furnishings, and in several others, convection-type heaters were placed in 
the room. 


TABULATIONS OF OBSERVATIONS AND CALCULATIONS 


The results of tests, all of which were made under steady-state conditions, are 
given in Table 1. A general description of the environment during each test is 
given in Column 1, and test numbers are given in Column 2. The average sur- 
face temperatures of the cooled ceiling panel, and of the floor and each of the four 
walls, are listed in Columns 3 to 8 inclusive. 

The average uncooled-surface temperatures (AUST) listed in Column 9 are the 
area-weighted average temperatures of the floor and the four walls. The amount 
and temperature of the infiltration air are given in Columns 10 and 11. 

The observed rates of heat transfer to the ceiling panel are listed in Column 12, 


+t AUST signifies Average Uncooled Surface Temperature. 
1 Exponent numerals refer to References. 
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and the observed air temperatures at the 30-in. and 5-ft levels are given in Columns 
i4 and 15. For comparison with these observed values, calculated heat transfer 
rates and temperatures are listed in Columns 13, 16, and 17. These values were 
calculated from the results previously reported on floor-panel heating” by assuming 
a complete inversion of conditions. 


DiIscuUSSION OF RESULTS 


Inversion Principle: Theory suggests that convection heat transfer, as well as 
radiation exchange, in a room with a cooled ceiling panel, should be the same as 
in a room with a heated floor panel, if the temperatures of the ceiling panel and the 
surrounding surfaces of the cooled room are respectively the same as the tempera- 
tures of the surrounding surfaces of the heated room and the heated floor panel. 
Furthermore, the difference in temperature between the cooled ceiling panel and 
the room air should be the same as between the heated floor panel and the room 
air. 


Ceiling 65F Ceiling 6SF 
2 
itt. (He)(Sq Ft) | 
Floor 85F Floor 85 F 
A, FLOOR HEATED B, CEILING COOLED 


Fic. 1. INVERSION PRINCIPLE 


The inversion principle is illustrated in Fig. 1. Room A of Fig. 1 shows a heated 
floor panel at 85 F, and ceiling and walls at 65 F. For these surface temperatures, 
previous research” has indicated that the room-air temperature at the 5-ft level 
would be 71.4 F, and the heat output of the floor panel would be 28 Btu per (hr) 
(sq ft). An inversion of this condition is shown in Room B of Fig. 1. Here the 
surface temperatures of the cooled ceiling and the walls are 65 and 85 F respectively, 
and the heat pickup by the cooled ceiling panel would be 28 Btu per (hr) (sq ft). 
The difference between the temperatures of the heated floor panel and the air in 
Room A, 5 ft above the panel, is 13.6 F, and this same difference in the tempera- 
ture between the cooled ceiling panel and the air would indicate an air tempera- 
ture of 78.6 F in Room B 5 ft below the panel. 

The calculated values of heat pickup by the cool-ceiling panel, listed in Column 
13 of Table 1, are in good agreement with the observed values shown in Column 
12. Similarly, the calculated air temperatures at the 30-in. and 5-ft levels, given 
in Columns 15 and 17, agree well with the observed temperatures in Columns 14 
and 16. This close agreement demonstrated the feasibility of calculating the 
performance of a cooled ceiling panel from previously determined data on floor- 
heating panels. It was therefore possible to materially reduce the number of tests 
which would otherwise have been necessary to completely determine the heat- 
removal capacity of cooled ceiling panels. 

Air-Temperature ‘Gradients: Room-air temperature gradients for uniform en- 
vironment and no infiltration are small, as shown in Fig. 2. Curve A is the gradient 
which would exist? in a floor-panel-heated room with 85 F floor temperature and 
65 F AUST. Curve B is the temperature gradient which would be predicted 
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Fic. 2. Room Arr TEMPERATURE GRADIENTS FOR COOLED 
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from Curve A by the inversion principle for a ceiling-cooling panel at 65 F and 85 
F AUST. The air temperatures indicated at the 4 ft height by Curves A and B 
are 13.5 F below the heated-floor temperature and 13.5 F above the cooled-ceiling 
temperature, respectively. The air temperatures observed with a cooled ceiling 
panel are shown in Curve C. These are only slightly higher than the values 
shown by Curve B. 

Cooling Performance: The performance of a full ceiling panel in effectively cooling 
the 24.6- x 12.2-ft room is shown graphically by Fig. 3. The directrix shows that 
a ceiling panel at 69 F will remove 21.6 Btu per (hr) (sq ft) from a room which 
has an air temperature of 80 F. The ceiling area was 300 sq ft and the total 
heat pick-up was 6480 Btu per hr. All of the heat absorbed by the panel entered 
the room by conduction through the walls and the floor. 

It should be noted that the AUST, not included in Fig. 3, is related directly to 
the panel temperature, and the room air temperature. The relationship between 
AUST, panel temperature, and panel pickup was not shown because it would 
have been the same as Fig. 1 of reference 2 except for the inversion—the AUST 
of the figure becomes the cooled-panel temperature, and the floor temperature 
becomes the AUST. 


Factors THAT Must BE CONSIDERED IN DESIGN 


Effect of Infiltration: Fig. 4 shows graphically the effects of varying quantities 
of infiltration air at 110 F, with a fixed ceiling temperature and AUST. Warm 
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air infiltrating the room caused the room air temperature to rise, increased the 
ceiling panel-heat pickup, and reduced the flow of heat trom the floor and walls 
into the room. Data in Table 1 indicate that the magnitude of these effects de- 
creased with reduction in temperature difference between the infiltration air and 
the AUST. No significant changes were found with infiltration air at 80 F. In 
most tests, the temperature of the air leaving the room was within 1 deg of the air 
temperature at the 5-ft level at the center of the room. 

The changes in panel-heat pickup and room air temperature caused by infiltra- 
tion are of the same magnitude as those found in a floor-panel-heated room for 
the same infiltration rate and temperature difference between the infiltration air 
and AUST (see Fig. 3 of reference 2). (Good agreement between the observed 
values and those calculated by inversion is shown in Table 1 for tests with infil- 
tration. 

Effect of Low-Temperature Heat Sources: The effect of low-temperature con- 
vective heat sources, such as motors and people, on the performance of a cooled 
ceiling panel was studied by placing 500-watt electric heaters in the otherwise 
empty room. Each heater consisted of a 500-watt incandescent lamp placed 
inside vertical, concentric 8-in. and 10-in. galvanized ducts 2 ft long and baffled 
at both ends. The heaters were mounted about | ft above the floor. The tem- 
perature of the outer cylinders was less than 100 F and calculations indicated that 
at least 95 percent of the total output of the heaters was by natural convection. 

Tests were made with a uniform environment of 85 F AUST, 70 F ceiling tem- 
perature, no infiltration, and with two, four, or six of the heaters in operation. 
The effects of the internal heat sources on heat flow and air temperature are shown 


| 


102 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND AIR-CONDITIONING ENGINEERS 


8 i - 2000 | 4000 | 6000 | 8000 10000 | 
Heat removol_io SOURCE OUTPUT, BTU PER HR 
e\ 
| \ & = 
| ‘Level x 
- 
> | 
<= Heat Flow ® 
i 6 - 85 
+ Floo | a 
- oo East West wal $ «| 
wee. x!) = w + or 
— 
2000 | 4000 | 6000 3 
INFILTRATION, CFH 88 


Fic. 4. EFrect OF INFILTRATION ON 
Heat Flow anp Room Air Tempera- FIG. 5. Errect or Convective HEat 


TURE: CEILING 70.5 F, AUST 85 F, SOURCE ON Heat FLow anpd Room 
INFILTRATION Arr 110 F, UnirorM AIR TEMPERATURE; 70 F, 
ENVIRONMENT, 2414 X 12 x 8 Ft Room AUST 85 F, Unirorm ENVIRONMENT, 
(OnE AiR CHANGE PER Hour = 2400 NO INFILTRATION 

CFH) 


in Fig. 5. The top curve of the figure indicates that the heat pickup by the cool- 
ceiling panel increased by 50 percent of the heater output. The air temperature 
at the 5-ft level increased, and at the higher internal loads was higher than the 
controlled AUST. Because of the increased air temperature, heat flow from the 
floor and wall surfaces decreased, and above approximately 9000 Btu per hr in- 
ternal load, the heat exchange at the wall surfaces reversed direction. 

The heaters in the room produced localized, turbulent, convection currents and 
large temperature gradients. Directly over the heaters, air temperatures of ap- 
proximately 110 Fk were measured while the general room temperature was about 
85 F. Because of this turbulent condition, the curve in Fig. 5 of room-air tem- 
perature at the 5-ft level may not represent the true average temperatures. 

Because of the similarity between Fig. 4, showing the effect of infiltration, and 
Fig. 5, the effect of internal heat loads, further comparisons were made. It was 
found that the additional heat picked up by the ceiling panel was essentially the 
same, whether it was caused by an internal convective heat source or by infiltra- 
tion air introduced at the same temperature as the air leaving the convective 
source. 


FACTORS THAT CAN BE NEGLECTED IN DESIGN 


Effect of Non-Uniform Environment: It was shown in an earlier paper that the 
performance of a panel-heating system in a space having a non-uniform environ- 
ment could be predicted with satisfactory accuracy on the basis of the AUST of 
the space. The close agreement between observed and calculated heat transfer 
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rates and air temperatures shown in Table 1 suggests that this relationship is also 
true for the panel-cooling systems. 

Effect of Room Furnishings: As indicated in Column 1 of Table 1, several tests 
were made with room furnishings, consisting of a davenport, five office chairs with 
leather backs and seats, one large table, and two end tables. This amount of 
furniture was judged to be representative for a living room of comparable size. 
The temperatures of the furniture, as measured on the table tops, and seats and 
backs of chairs, were about the same as the room air temperature and thus lower 
than the AUST. The ceiling panel was therefore seeing a lower temperature 
environment than with empty room conditions, and consequently, the heat pick- 
up by the panel was less. The reduction averaged about 5 percent, which is about 
the same as the reduction in the output of a heated floor panel caused by a like 
amount of furniture in earlier tests.’ 

Effects of Non-Uniform Panel Temperature: One test was made with only a part 
of the ceiling area cooled. The temperature of the uncooled sections was not 
controlled, but was the equilibrium temperature resulting from heat exchange with 
other room surfaces and the room air, heat gain or loss from the rear of the panel, 
and conduction from piping and adjacent panel sections. The area-weighted 
average rate of heat removal from the entire ceiling was essentially the same as 
the calculated heat removal based on the area-weighted average ceiling surface 
temperature. The observed room-air temperature agreed well with the air tem- 
perature calculated by the inversion principle when using the same average tem- 
perature of the entire ceiling. An earlier paper‘ indicated similar performance 
for heated floor and ceiling panels at non-uniform panel temperatures. 


FutTurE RESEARCH 


Additional experimentation with other sizes of rooms, and other types of in- 
ternal heat sources would be desirable to develop general design formulas. Con- 
ditioned air, electric lighting, and solar energy are factors which have not been 
included but which are important to air conditioning. Consequently, the second 
phase of the overall research program, now in progress, will measure the effect of 
conditioned air on the performance of a cooled ceiling panel. The third and fourth 
phases cover the modifying effects of luminaires and solar radiation which are 
important air conditioning loads. 
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DISCUSSION 


H. B. Nortace, Encino, Calif. (WRITTEN): Would the authors present a complete 
fundamental treatment of the use and limitations of AUST? 


E. F. SNypER, JRr., Minneapolis, Minn. (WRITTEN): A review of the subject paper 
indicates that the authors have done a splendid job in presenting the information 
they have obtained and supporting calculated data with experimental data. They 
are to be congratulated on this contribution to the knowledge of air conditioning. 

It is noted that this paper constitutes the first contribution in a program which 
includes: 

1. Heat exchanges that take place in a ceiling panel-cooled space under various con- 
ditions of surface temperatures, infiltration and furnishings. 

2. The effects of the introduction of conditioned air. 

3. The effects of luminaires. 

4. The effects of solar radiation. 

The above program appears to be comprehensive but seems to the writer to leave 
some areas that are in doubt. 

In any application work, the parameters must be established so that the engineer 
does not inadvertently overstep the boundaries of good design practice. The paper 
in part proves the soundness of the theory of inversion and it might be assumed that 
this theory holds true for all conditions. But has this proven to be true? What design 
limits must be imposed on water temperature, tube spacing, surface temperature and 
panel construction? 

One factor which seems to be important in panel cooling and not in panel heating 
is the dew-point of the air in the space and surrounding the panel. Several instances 
have been noted in the past where the panel has been operated at surface temperatures 
below the dew-point of the surrounding air with resulting formation of condensate on 
the panel surface. 

The paper shows only dry bulb temperatures but I should like to point out that 
under the conditions outlined in Fig. 3, a relative humidity of 50 percent would mean 
that the panel is operating at a surface temperature, with 80 F air, of only 9 deg above 
the dew-point of the air. If this same relative humidity prevailed for 85 F air, then we 
find that the panel surface temperature is only 4.6 deg above the dew-point. If the 
relative humidity should rise to 60 percent with an 85 F dry-bulb, then the surface 
temperature is below the dew-point temperature. 

Again, let me extend my congratulations to the authors. 


J. R. Carroii, Urbana, Ill., (WRritTEN): It is with great pleasure that we greet one 
of the first basic research papers presented on panel cooling, and | note with some 
satisfaction that the words radiant cooling have been omitted from reference. The 
term radiant was so mutilated in common reference to panel heating that by the in- 
version principle we should expect an equal abuse in panel cooling. However, at the 
risk of appearing to contradict myself, may | say that I feel radiant energy exchange 
may have a much more important part in panel cooling design than it ever did in panel 
heating. 

The subject of panel cooling is much more fascinating and complicated than panel 
heating because of the possible condensation on the panel surface, and because of the 
lighting load and roof load (and other heat gain sources) that must be considered. 
With panel cooling, the radiant energy transfer from electric lights, hot roofs, and the 
direct, diffuse, and reflected solar radiation all form an important part of the ability 
of a panel cooling surface to perform. Also, the effect of non-steady state heat transfer 
to and from the panel may very well contribute to its primary importance, and will 
certainly complicate the energy exchanges. 

The technical paper presented by Mr. Schutrum and his colleagues deals with steady 
state heat transfer only and panel surfaces above the room air dew-point temperature. 
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All of my field design and investigative work has been done with surfaces below the 
room air dew-point temperature, and dehumidified air is introduced into the room 
after passing through the panel. These warm air and cool air panel heating and panel 
cooling systems have an inherent self-balancing characteristic in that any heat not 
transferred by the panel surface will be transferred by the air introduced into the room. 
Tests indicate that the air entering the room will be about 70-72 F when the room air 
is 75 F, which indicates that a floor panel surface will absorb approximately 70-80 
percent of the cooling load and the introduced air the other 20-30 percent. The total 
does represent 100 percent of the cooling load, no matter what its value, since the 
panel surface temperature is not restricted by condensation difficulties. 

The reference to Fig. 3 in the text says that the panel will remove 21.6 Btu per (hr) 
(sq ft) from a room at 80 F with the panel at 69 F. This value of 21.6 is reasonably 
close to what might be expected in residential installations. If the room load were 
less than 21.6 and if the panel surface were maintained at 69 F, the room air tempera- 
ture could be less than 80 F. However, if the room load were higher than 21.6 Btu 
per (hr) (sq ft) and the panel were maintained at 69 F, the room air temperature would 
increase above 80 F. Fortunately, the roof heat gain is absorbed by the ceiling panel 
directly and hence serves to reduce the room cooling load on the panel surface. | do 
not know why the authors chose 69 F specifically as the ceiling panel temperature to 
illustrate the use of Fig. 3, but no matter what value is used it is obviously a critical 
design value that needs an extensive amount of further study. The determination of 
the limiting panel temperature before condensation, and methods of control over this 
temperature, are absolute necessities for the design and use of closed panel cooling 
systems. Due to the large number of existing ceiling panel heating systems, it appears 
that a great deal of interest could be created in ceiling panel cooling systems with the 
use of separate dehumidifiers to reduce and to control humidity. 1t should be noted 
that there are also many floor panel heating systems in existence and the application 
of cooling to them is also of importance to the industry and profession. 

I wish to congratulate the authors for their well written paper. The results of their 
studies have been presented in a simple and concise fashion and | am anxiously awaiting 
the results on the heat transfer studies in a room cooled by a panel in combination with 
conditioned air. 


C. S. LEopoip, Philadelphia, Pa., (WRITTEN): In June of 1947 I presented to the 
ASRE the first of a series of papers on panel cooling*. The summary stated in part: 
‘Engineering for panel cooling is not the simple reverse of panel heating. Neither the 
concept of combined surface conductance, nor of the grey body are adequate for the 
cooling analysis.” 

The conclusions of the Laboratory paper state: ‘‘Ceiling-panel cooling is an inversion 
of floor-panel heating, and the performance of a cool ceiling panel can be predicted 
from the performance of a warm floor panel.” 

By custom, and for reason, we design heating for an empty building, at night, with- 
out illumination. We design cooling for an occupied building, in the daytime, with 
artificial light and sunlight. In my judgment therein lies the error in the Laboratory 
statement. 

For example, with filament lighting the temperature of the radiating source is ap- 
proximately 4800 F. and a large portion of the radiant energy is transferred directly 
to a structure by radiation. The energy represented by this portion of the radiation 
can be carried away by a ceiling panel with water circulation without depressing the 
panel surface below room air temperature. Furthermore, the portion of the high tem- 
perature radiation which falls on the other room surfaces tends to raise their surface 
temperature and this facilitates transfer to the cooled ceiling by radiation. ‘The percent 


_* The Mechanism of Heat Transfer, Panel Cooling, Heat Storage, by C. S. Leopold (Refrigerating En- 
gineering, July 1947, p. 33) and The Mechanism of Heat Transfer, Panel Cooling and Heat Storage—Part 
II—Solar Radiation, by C. S. Leopold (Refrigerating Engineering, p. 571). 
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of the source energy which is removed without depressing the panel temperature I 
called Independent Radiation Transfer, or IRT. This factor varied from 1.5 to 37 
percent, depending on the type of luminaire and the type of ceiling paint used in our 
tests. 

Similar statements on IRT, too long to repeat here, can be made for the solar load. 

In a complete panel cooling system, air is supplied for ventilation and humidity 
control. If the dehumidification is accomplished by refrigeration, cooling of the air 
is required; if the cool air is introduced into the room it will provide a portion of the 
cooling effect. 

Assume for a moment that the IRT is 20 percent and that 40 percent of the cooling 
is accomplished by the ventilation air. The area of the panel and its temperature de- 
pression need only be that required to do 40 percent of the cooling load. By neglecting 
the IRT the panel area and its temperature depression as calculated would be for 60 
percent of the cooling load or 50 percent greater than required. 

This is not a criticism of the excellent experimental work covered by this paper but 
I do find fault with the conclusion. As a minimum the conclusion should be corrected 
to read: ‘Ceiling panel cooling for the transmission load .. .’’ etc., or, to be somewhat 
facetious, “Ceiling panel cooling for an empty building at night...” 


A. J. Hess, Los Angeles, Calif., (WR1ITTEN): The most interesting observation to be 
made concerning the paper on Radiant Cooling is that the society has at long last been 
able to start on research work having to do with radiant cooling as an adjunct to air 
conditioning. 

Previous work and installation results reported to us by Leopold, Wiggs, Day, and 
others have established the fact that usual space occupied by air conditioning systems 
can be greatly reduced by the use of radiant cooling, an increasingly important con- 
sideration of design as costs of constructing building space continue to skyrocket. 

It is indeed too bad that the society lacked the funds and facilities to catch Mr. 
Leopold's forward pass of a few years ago on radiant cooling, for we would probably 
be approaching the goal by now instead of just starting our work. 

This paper is preliminary in character, but does state the welcome fact that much of 
the criteria previously established for panel heating can be used in the cooling research 
to save much time, effort and research funds. Thus the work can get on more rapidly 
to the more important study of the effect of radiant panel cooling on luminaire and 
solar heat gains. | congratulate the authors on the work and hope it continues as 
rapidly as possible. 


P. B. Gorpon, New York: Again, the authors are to be commended for their excellent 
work. The TAC on Panel Heating and Cooling are proud of this series of papers by the 
Laboratory, with this the first on the problem of room heat exchange with cooled sur- 
faces. 

One interesting phase of the paper that requires further study has to do with the 
split-up of radiation and convection exchange. In the inversion picture given in Fig. 
1, the values are based on a temperature difference of 20 deg for AUST to ceiling tem- 
perature and a value of 13.6 deg for room air temperature to ceiling temperature. If 
the heat pick-up is divided into radiation exchange and convection exchange, we would 
come up with something like a radiation exchange coefficient of 1.0 Btu per hour per 
square foot per degree difference, and a convection exchange of about 0.6 Btu per hour 
per square foot per degree difference. For-this particular example, the overall exchange 
based on air to ceiling temperatures worked out to about 2.06 Btu per hour per square 
foot per degree difference between the ceiling temperature and the room air. 

In the same way for the information shown in Fig. 5, wherein values are given on 
AUST for three particular conditions,—with varying amounts of excess convection 
heat,—while the radiation coefficient should be the same the convection coefficient 
increased from about 0.5 to about 1.24. 

Yet—and this is interesting though I am at a loss to explain it—if you use air tem- 


Discussion OF HEAT REMOVAL BY COOLED CEILING PANEL 107 


perature to ceiling temperature differences for all three conditions, the overall heat 
exchange coefficient ends up at 2.0 or 2.1. 

In Fig. 3, where the AUST values are not given but certainly have some influence 
in the output, if you use ceiling to air temperature difference only, the overall heat 
exchange again ends up with a unit value of 2.0 to 2.1. 

I believe this particular region requires further study to determine the significance 
of this particular relationship. 

This is an aside on something that Mr. Leopold mentioned. His work and the 
information that he has developed in the many years that he has been working with 
panel heating and panel cooling have been interesting and always of great value. 

However it must be remembered that these particular experiments reported on by 
the authors are heat exchange experiments in a laboratory under controlled conditions, 
and are not simulated conditions encountered in practice. Therefore, the data and the 
interpretations should be recognized as such. 

These data did not result from field or from mathematical analysis. These studies 
involved controlled measurements in a controlled laboratory and operated deliberately 
for this purpose. I believe this may explain why the authors were interested in empha- 
sizing the inversion theory for the particular conditions of the paper, which definitely 
would not hold under the influence of luminaires, solar energy, thermal storage and 
conditioned air that come into play in a normal room in practice. 


A. T. Jorn, North Chicago, Illinois: This paper is certainly welcomed by everyone 
who has been in this field for very long. It finally provides unbiased information in 
a clear-cut manner. 

It is interesting to note on Fig. 3 that the example the authors have presented comes 
out 21.6 Btu per square foot; in private research done elsewhere (but certainly not 
done as carefully) it came out 21 Btu under identical conditions. The fact that the 
data are that close is certainly reassuring to all investigators involved. 

One thing that bothers me a little about this paper, however, is the format of Fig. 3. 
If you will look at it a moment you will see that the authors have presented the heat 
removal from a panel for a specified condition of room air temperature and ceiling 
panel temperature. I feel that presentation can be misinterpreted very readily. 

You realize that what they have said in effect is that in order to have, under steady 
state conditions, a ceiling panel of a given temperature (69 F) and simultaneously room 
air of a given temperature (80 F) the AUST is already fixed; that it can only be one 
definite value because the only heat that is coming into the room is coming from the 
wall surfaces and they must be at a certain average temperature in order to supply heat 
at exactly the same rate that the panel is removing it. The implication is, I believe, 
a little too subtle for printed research data. 

What I am trying to point out is that if a particular room were two to three times as 
high there would be approximately twice the surface contributing heat to the room; 
and therefore there could be a much lower AUST and still contribute the same amount 
of heat. With the AUST lower, there would not be as much radiant transfer between 
the walls and the ceiling panel so a panel of a given temperature in a room of a given air 
temperature would not absorb as much heat as in the case of the test room. 

Even in a room with a very high ceiling, this fact might not be too consequential 
in the case of ceiling panel cooling due to the relatively small percentage of radiant 
heat exchange. In the case of a ceiling panel heating, however, with 90-95 percent of 
heat exchange by radiation, the effects could be substantial. 

In the case of a practical application where part of the cooling is usually done by 
cool air, the AUST could be a great deal warmer than was the case in the test room 
so that the panel pick-up would be much higher than Fig. 3 would indicate for design 
conditions of 80 F room air and 69 F average panel temperature. The AUST, there- 
fore, would have to be calculated to allow any reasonable approximation of actual 
panel pick-up; so the data should include AUST as a variable. 
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Thus it can be seen that whereas the data of Fig. 3 are true in every sense of the 
word, use and interpretation must be handled very carefully. 

One other point I would like to bring out is in connection with the paragraph on 
effects of non-uniform panel temperature. In private research that has been unpub- 
lished to date, essentially the same thing has been found, i.e. that a non-uniform cooled 
or heated ceiling panel will have essentially the same effect as if it were at an uniform 
surface temperature equal to the area weighted average panel temperature. 

However, it was also found that (for some reason as yet unexplained) if the non- 
uniformly heated ceiling panel is above a certain average temperature (higher than 
the range of the tests reported here today) one gets panel outputs that are substantially 
higher than with an uniformly heated panel at the same average temperature. 

P. R. ACHENBACH, Washington, D. C.: I want to comment and check with Mr. 
Schutrum about one statement that he made in his presentation with regard to the ef- 
fect of infiltration on heat transfer. 

If I read the last three tests under steady state conditions right, in Table 1, they 
used three different rates of infiltration, one, two and three air changes substantially, 
and in this case the air was brought in at 80 F, or equal to the room air temperature; 
the AUST was substantially constant, the air temperature was substantially constant 
for those three tests, and the heat transfer was substantially constant. 

Therefore it seems to me the conclusion to be drawn would be that the air motion 
produced in the room, due to the difference in air changes, had little effect on the heat 
transfer. 

Perhaps the way in which the infiltration air was brought in might be significant and 
perhaps the conclusion that would be drawn from this is that the additional air motion 
due to greater infiltration as being not effective might not always apply, depending on 
where the infiltration air came in. 

The point is the amount of air didn’t seem to make any difference in the heat trans- 
fer when the infiltration air was at room temperature. 

I believe this paper will be helpful to those who may be considering the possibility 
of using panel cooling for residential application. Most engineers have steered away 
from that, I think, perhaps because of the condensation problem. 

It seems to me that in order to design a residential system, it would be almost neces- 
sary to combine it with forced ventilation of the house; and I can envisage a sort of 
two-stage system in which a dehumidifying coil is used to bring in the ventilation air 
and slightly pressurize the house so there would not be random infiltration causing 
local hazard of condensation and using that as a first stage of cooling when rather 
low temperature differences prevail between outside and inside, but might have high 
latent load, and then as the outdoor temperature became higher one would supplement 
the cooling and dehumidification by panel cooling from a ceiling. 

It seems to me this paper will give engineers a start at least on the design of systems 
for panel cooling of residences. 

I think it also points out that a ceiling panel of high thermal conductivity, such as 
metal plates with the tubes clipped to them, would have an advantage over a panel 
that had coils imbedded in plaster because you would have less temperature difference 
between surface and water temperature. 

Lester T. Avery, Cleveland, Ohio: When a paper is presented that is emphasized, 
as Mr. Gordon emphasized, that it is a theoretical laboratory test only and yet has 
tremendous value from the standpoint of practical application, | think the relationship 
could well be pointed out. 

I think it was Dr. Giesecke some years ago who emphasized the point that the ceiling 
doesn’t care how it got that way. The ceiling doesn’t care whether it became cooled 
or heated from a direct source of energy, or whether it got it indirectly from someone 
blowing air across it. 

This method of radiant cooling and panel cooling was over-emphasized some years 
ago by, I believe, Dr. Mills who thought that you could do everything with the radiant 
panel in absorbing heat and because of the over-emphasis it was discredited. 
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We know now that the ceiling panel, no matter what material, whether it be a per- 
forated metal or a luminous plastic, or a simple ceiling arrangement with horizontal 
air flow patterns across it, can use this principle of first reducing the ceiling tempera- 
ture to offset the other higher temperature which comes from the luminaires; and 
second, to actually go part way in effectively cooling the room. 

The next step I was hoping Charlie Leopold would emphasize is that these tests 
be continued to show the relationship in what would be called the effective tempera- 
ture, when we have changed the pattern in the room from a warm ceiling to a cool 
ceiling. 

We know that radiant effect is very important in the feeling of comfort. An exag- 
gerated case of that is the hot sun load which is absorbed by a venetian blind, which 
immediately changes the requirements in the room as compared with the basement 
room where there is no sun load. The same thing is true of the high lighting intensi- 
ties; and I am told now that good lighting is going to go to 8 or 9 watts per square foot 
even with fluorescent lighting, and that means we have a heat source which, whether 
we want it or not, becomes a panel heater. 

This paper is certainly of the utmost importance for those who are thinking in terms 
of simply having a radiant problem by using panel cooling or radiant cooling. I think 
panel cooling is a better phrase. I think we can understand panel cooling better than 
radiant cooling. 

But anyhow, the point that I emphasize is again, as Dr. Giesecke pointed out, the 
ceiling does not care how it got that way. 


Autuors’ CLosureE (Mr. Schutrum): Mr. Snyder has discussed the importance of 
preventing condensation in the operation of cooling panels. The purpose of the tests 
reported here was to determine the heat transfer to the cooled panel, and in all tests 
the dew point was controlled so there was no condensation. It is regretable that a 
statement of this fact was not included in the paper. 

Mr. Leopold’s objection to the statement that ceiling panel cooling is an inversion of 
floor panel heating is valid for the conditions he has stated. It is not an inversion if 
solar energy lights, occupants and other internal heat sources are included, but only 
within the limitations stated in the report. Perhaps it was not emphasized enough in 
the paper that the inversion principle applied only to this preliminary or phase-one study 
under controlled laboratory conditions, which excluded the effect of lights and solar 
radiation. 

Mr. Gordon has pointed out that the overall coefficient of heat transfer from room 
air to the panel is of the order of 2 Btu per (hour) (square foot) (Fahrenheit degree) 
temperature difference. Actually, Fig. 3 was computed using a convection coefficient 
of he = 0.31 0°, This is the convection coefficient which was established for the 
room heated by a floor panel and under the inversion principle applies to the cooled 
room. When the temperature difference between the panel and AUST is about 10 to 
20 deg F., the combined radiation and convection transfer based on the temperature 
difference between the panel and the room air becomes about 2. For lower tempera- 
ture differentials the combined coefficients are smaller than 2 and for higher differentials 
they are larger. With infiltration or internal heat sources in the room the overall 
coefficient remains about the same, but a convection coefficient other than h, = 0.31 6 °-3! 
exists. 

A complete report will be made in another paper, giving the convection and radiation 
coefficients measured in the Environment Laboratory. 

In answer to Professor Carroll’s interesting comments, the choice of 69 F as a ceiling 
temperature to illustrate the use of Fig. 3 was arbitrary and has no particular signifi- 
cance. 

In Mr. Achenbach’s discussion, mention was made that various infiltration air change 
rates at 80 F had no effect on the room air temperature nor the panel pickup. This is 
shown in Table 1 for tests Nos. 387, 388, and 389. Re-examination of the original 
data for these three tests showed that the heat transferred to or from the infiltration 
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air was small (maximum 41 Btu per hr). The only other effect that the infiltration 
could have would be to change the convection from the room surfaces because of in- 
creased air motion. The data showed, however, that this increased air motion did 
not cause a significant trend in heat flow for any of the six surfaces. Consequently, the 
increased turbulence caused by infiltration rates up to three air changes per hour must 
not be great enough to cause a significant change in the convection transfer. This 
does not hold, moreover, if the infiltration is at a different temperature from the room 
air as shown by the three tests in Table 1 (391, 392, and 393) with the infiltration air 
at a higher temperature than the room air temperature. 

Dr. Nottage asked for a complete fundamental treatment of the use and limitations 
of AUST. The AUST is defined as the area-weighted average temperature of the 
uncooled room surfaces, which for this report are the four walls and the floor excluding 
the ceiling panel which was cooled by liquid circulation. 

The AUST is therefore a means for representing a complex surface temperature 
pattern by one equivalent surface temperature which in turn serves to simplify the 
determination of radiation and convection exchanges in the room, and particularly the 
panel heat exchanges. The AUST must be both an equivalent convection temperature 
and an equivalent radiation temperature but because the laws which govern radiation 
and convection transfer are different, at most the AUST is a compromise. Within a 
given mode of heat transfer there may be differences. For example the radiation 
exchange per unit area between the ceiling and the tloor may be different from the 
exchange between ceiling and a wall because of shape factor or seeing factor differences, 
yet the AUST weighs the two surfaces equally. Radiation exchanges are proportional 
to the difference in absolute temperatures to the fourth power and to the surface emis- 
sion characteristics but no adjustments are made for this in the AUST. Convection, 
on the other hand, behaves differently for floor positions than it does for the wall posi- 
tion and is not a linear function of temperature but these differences are not accordingly 
weighed in the AUST. 


The AUST is, in effect, an engineering tool which for the conditions usually found in 
the home will give engineering accuracies of the order uf 5-10 percent under steady state 
conditions. kor unsteady state conditions, where thermal storage becomes impor- 
tant, the use of the AUST would be limited to instantaneous heat transfer determina- 
tions. 


Mr. Jorn stated that in private research a heat transfer rate of 21 Btu per (hr) (sq 
ft) versus 21.6 reported here was found for the same conditions as shown in the illus- 
trated example, It is always gratifying and reassuring to know that different research- 
ers obtain the same result. It is equally important to know when the aata are not 
compatible. 

Mr. Jorn’s discussion of Fig. 3 emphasizes the fact that the AUST which is not given 
in the figure, nevertheless, is related directly to the panel pickup, panel temperature, 
and room air temperature. For a given room, there can only be one AUST when the 
other three variables are fixed. Other factors such as infiltration, and internal loads 
would change this relationship, 

Mr. Jorn states that if the area of the AUST were doubled, a much lower AUST 
would contribute the same amount of heat to the room by convection; and with the 
lower AUST the radiation heat exchange between the cooled panel and the AUST 
would be lower. This is technically correct and one would suspect that Fig. 3 would 
not apply for room differing in size from the test room and especially so when the heat 
transfer is essentially radiative as for a room heated by a ceiling panel. Nevertheless, 
calculations show that the variations in heat exchange are not appreciable and indi- 
cated that Fig. 3 would apply within engineering accuracy for the unitorm environ- 
ment condition and ceiling heights up to 12 ft. Data obtained in a room heated by a 
ceiling panel show that for the relationship of room air temperature, panel tempera- 
ture, and panel output similar to Fig. 3, (uniform environment) the panel output with 
the ceiling height of 12 ft, differed by less than 5 percent from the output when the 
ceiling height was 8 ft. The data for these tests can be found in reference 4. 
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MEASUREMENT OF ANGULAR EMISSIVITYt{ 


By Ayptn Umur*, G. V. PARMELEE** AND L. F. ScHutTRUMft, CLEVELAND, OHIO 


This paper is the result of research carried on by the AMERICAN 
SOCIETY OF HEATING AND AIR-CONDITIONING ENGINEERS, INC., at 
its Research Laboratory located at 7218 Euclid Ave., Cleveland 3, Ohio 


- PROBLEMS of heat transfer dealing with the exchange of heat radiation, 
it is a common practice to use the normal (perpendicular) emissivity values 
of the surfaces involved. It is assumed that the emissivity of a surface element is 
the same regardless of the direction of emission into the surrounding hemisphere 
and that it is numerically equal to the normal emissivity value. In most cases, 
this assumption is justifiable and gives sufficiently accurate results. However, it 
has been established from theory and verified by experiment that the emissivity 
of a surface element varies as the direction of emission departs from normal. 
Some problems of heat transfer, particularly those encountered in research work, 
require a knowledge of this variation of emissivity with angle. From a practical 
viewpoint it may be necessary to give consideration to the directional characteristics 
of radiant panels, such as small high temperature panels. 

This paper describes apparatus for angular emissivity measurements and reports 
values obtained for a number of surfaces. Most of the surfaces were painted ones, 
because no previous data for such surfaces were available. 

The investigation was initiated as part of the research carried on at the ASHAE 
Research Laboratory under Group B of the TAC on Panel Heating and Cooling.4 
Data were needed for the painted surface of the Environment Laboratory and for 
globe thermometer paints. Emissivity values were also needed for two other 
projects being carried on at the Laboratory. 


APPARATUS 


Essential features of the apparatus were: (1) a sensitive radiometer with its field 
of view restricted to a narrow cone angle (see Figs. 1 and 2), (2) calibration ap- 
paratus for the radiometer, (3) a means of heating the sample and holding it at the 
desired angles with respect to the line of sight of the radiometer, and (4) a means 
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Fic. 1. SCHEMATIC DRAWING OF RADIOMETER 


of controlling and evaluating the environment surrounding the sample so that full 
account could be taken of stray radiation. The radiometer was a commercial 
instrument to which modifications were made as described in Appendix A. 

Test Surface Preparation and Shielding: All test surfaces were prepared on flat 
metal plates 6 x 12 in. in size and from l% to 14 in. in thickness. To measure the 
temperature of the test surface eight thermocouples were installed in grooves cut 
into the back surface of the plate. A heater unit was bonded to the back surface 
of this plate with a double-sided adhesive tape. It was covered with a 14-in. 
thick insulation board to avoid excessive heat loss to the surroundings and to insure 
uniform heating, which is an important factor, since the radiometer sighted a large 
area at high angles. The heater element was made from 0.002-in. thick constantan 
foil. It was designed for 24 volts and had a resistance of 5.73 ohms. A film 
type adhesive was used to bond a layer of anodized aluminum foil on each side of 
the element. Details of a similar bonding process have been previously de- 
scribed! The heat input was sufficient to obtain sample temperatures up to 180 F 
and was regulated by means of an auto-transformer and a voltage stabilizer. 

To shield the sample from stray radiation, it was placed inside a cylindrical tank 
which was in turn placed inside a slightly larger rectangular tank (see Fig. 3). A 
pump circulated water in the space between the two tanks to maintain the cylinder 
at a uniform temperature. The sample was supported in the cylinder at the lower 
end of a vertical rod. The upper end passed through a bearing fixed in a rigid 
frame and carried a protractor. A sight tube in one side of the tank was provided 
so that the radiometer could see the sample. The inside surface of the cylinder 
was blackened with paint which had a hemispherical emissivity of 0.90. This 
arrangement provided an environment of known temperature and emissivity so 
that reflected radiation could be accounted for as described in Appendix B. 


1 Exponent numerals refer to References. 
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Fic. 3. METHOD OF SHIELDING TEST 
SURFACE FROM STRAY RADIATION 


All temperatures were measured with 30-gage copper-constantan thermocouples 
made from specially calibrated wire. 


TEst PROCEDURE 


The radiometer was first calibrated by the procedure given in Appendix A and 
was subsequently checked at intervals throughout the period of the tests. De- 
termination of emissivity required a measurement of the radiometer output while 
the black body shutter covered the radiometer tube, a measurement with the 
shutter removed so the thermopile could see the sample, and finally a second 
measurement with the shutter covering the tube. Temperatures of the sample, 
the cylindrical shield surrounding the sample, the radiometer shutter, and the 
radiometer were also recorded. These readings were repeated for each angle at 
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which the sample was viewed. Reduction of the data, including corrections for 
reflections and temperature drop across the sample thickness, is described 
Appendix B. 
RESULTS 
The variation of emissivity with angle was determined for the surfaces listed in 
Table 1, which gives the total hemispherical emissivity and the normal (perpen- 


TABLE 1—NORMAL AND HEMISPHERICAL EMISSIVITY OF SURFACES 


No. SURFACE DESCRIPTION én €h 
1 1g-in. thick aluminum plate with two coats of reddish | 
brown primer* and one coat of light gray paint, all 
2 1g-in. thick copper plate, flame oxidized.......... were 0.26 0.27 
3 Same as No. 2, with one coat of reddish brown primer | 
4 Same as No. 3, with one coat of flat black® added, brush | | 
5 Same as No. 4, with one coat of lampblack® added, brush | 
6 Weathered roofing asphalt (melting at 180 F approx.) on | 
7 Ye-in. thick aluminum with anodized coating 11 x 10-4 | 
in. thick; specular reflecting surface.................. | 0.67 0.65 
Pigment (60% by weight) % by weight Vehicle (40% by weight) % by weight 
Zinc chromate 20 Vegetable oils 24 
Red lead 25 Varnish 50 
Zinc oxide 15 Japan drier 15 
Iron oxide 20 Mineral spirits 11 
Magnesium sulphate 20 
b Light gray paint % by weight 
Titanium dioxide 6.5 
Titanium calcium pigment 39.5 
Soya-alkyd resin 24.0 
Mineral spirits, driers 30.0 


© Flat black enamel paint 
Lampblack mixed with 4-lb cut shellac and thinned with alcohol. 
dicular) emissivity. Figs. 4 and 5 show the variation in emissivity, €, with angle 
of emission, 8. The hemispherical emissivity was computed in the following 
manner. Any radiating surface element emits radiation through a hemispherical 
envelope. If this envelope is divided into spherical zones, the hemispherical 
emissivity, €,, can be found by the following equation: 


cos 6 


> 4 Ag cos 6 


6=0 


where 


= angle of emission, degrees, measured from the perpendicular to the 
surface. 

« = emissivity at angle 6. 

Ag = area of hemispherical zone of unit radius corresponding to the average 
angle @. 


In the computations, nine zones of 10 deg width were used. 
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The table shows that the hemispherical emissivity, €,, is approximately equal to 
0.95 times the normal emissivity. The values in Table 1 are based upon the curves 
shown in Figs. 4 and 5. All values shown in these figures were obtained with the 
0.3-in. auxilliary diaphragm on the radiometer. Sample temperatures ranged from 
100 to 125 F except for one run on sample No. 1 at 150 F. In this range, tempera- 
ture appeared to have no significant influence on emissivity. Where necessary, all 
values have been corrected for temperature drop across the paint film. In several 
cases, measurements at low emission angles were made with 0.2 and 0.5-in. auxiliary 
diaphragms. The results were the same as those obtained with the 0.3-in. dia- 
phragm. 

The results are influenced by errors in measuring the radiometer outputs and 
the temperatures and errors in corrections for reflections. A possible error of 
+ 0.5 percent in the potentiometer-amplifier circuit introduces an error of about 
the same amount in the emissivity value. Associated with this are uncertain 
errors in applying corrections for the effect of water vapor absorption on the 
instrument constant. These corrections were determined after the measurements 
and the dew points prevailing in some tests had to be estimated. The maximum 
error in allowing for water vapor absorption probably is less than + 0.5 percent. 

The absolute value of the temperatures measured is accurate to within about 
0.2 deg, the probable accuracy of the wire calibration. On a relative scale, each 
temperature is accurate to perhaps + 0.1 deg so that the maximum error intro- 
duced in the emissivity value is + 1.0 percent with the average error about half 
this value. The temperature drop across the paint films was estimated with an 
error of about 20 percent, but since the drop is small, the error introduced into the 
final result is small, about + 0.3 percent. 

Errors in correcting for reflections in the case of the diffuse-reflecting surfaces 
are believed to be negligibly small. In the case of the specular reflecting aluminum, 
the error is perhaps + 2.0 percent. Therefore, considering all the errors listed, the 
emissivity values given are probably accurate to within + 2.0 percent for all but 
the specular reflecting aluminum, for which the probable accuracy is + 4.0 percent. 

Discussion of Results: Schmidt and Eckert® applied electro-magnetic wave theory 
and the Fresnel reflection formulas to show that emissivity varies with the angle 
of emission. For surfaces of non-conductors, they showed that the value of 
emissivity stays constant between normal and 50 to 60 deg from normal, after 
which it begins to decrease at an increasing rate, reaching zero as a limit at 90 deg 
from normal. For metals, the emissivity is constant out to about 45 deg from 
normal, then increases until the angle reaches about 75 deg, after which it drops 
to zero at 90 deg from normal. Measurements for common substances by Schmidt 
and Eckert? are in close agreement with theory. 

Figs. 4 and 5 show that the painted surfaces have the characteristic behavior of 
non-conductors and follow the theory developed by Schmidt and Eckert. Esti- 
mated corrections for temperature drop across the paint film have been applied to 
all values. The normal value for lamp black, 0.95, is in close agreement with 
published values. It is of interest to note that the metal primer has a slightly 
higher emissivity than the flat black paint. 

The values for the copper oxide surface show some metallic properties, possibly 
because the oxide film may have been so thin that some characteristic of the copper 
showed through the oxide coating. Comparisons with other data for copper oxide 
are valueless because film thickness is an important variable and is usually not 
known. 
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The asphalt behaves as a non-conductor. Because of the thickness of the layer 
applied to the heating plate, special tests were made to determine the temperature 
drop across the layer. 

The specular reflecting oxide coating (anodized) aluminum also behaves as a 
non-conductor, despite the thinness of the oxide coating, which was measured by 
others* and found to be 0.00011 in. in thickness. In regard to this, Taylor and 
Edwards‘ have studied the variation of emissivity of anodized aluminum with film 
thickness and found that for thickness of 0.00002 in. (3 to 5 times the thickness of 
a natural oxide coating) the emissivity is about 0.11. It increases rapidly with 
thickness until the film thickness is about 0.00008 in., for which the emissivity is 
about 0.63. Greater thicknesses cause very small increases in emissivity. In this 
instance, the measured value of 0.67 (based upon the two series of test results 
plotted) checks the value of 0.67 that would be predicted from the work of Taylor 
and Edwards and also compares well with a value of 0.64 determined by a recent 
measurement? in which the Taylor and Edwards apparatus was used. (An average 
of nine normal incidence determinations gave a value of 0.68.) 

It should be noted that the light absorptance of anodized aluminum with this 
coating thickness of 0.00011 in. is about 0.16 (see Reference 4) as compared with 
its absorptance (emissivity) of 0.68 for low temperature radiation. This ab- 
sorptance for light is substantially the same as that for commercial aluminum foil*, 
which has an emissivity of about 0.05 for low temperature radiation. 

It is also of interest to point out that measurements? of the light absorptance of 
a number of materials and paints for angles of incidence between zero and 90 deg 
yield curves similar in shape to those given in this paper. For angles greater than 
60 deg, the absorptance decreases rapidly and reaches zero at 90 deg. The ab- 
sorptance of glass for sunlight behaves similarly. 


CONCLUSIONS 


Based upon the data presented, the following conclusions can be drawn: 


1. The emissivity of the painted surfaces investigated decreased as the angle of 
emission increased in accordance with the theory for non-conducting materials. A 
specular reflecting aluminum oxide coating behaved in similar fashion. 

2. Hemispherical emissivity for these surfaces is very closely 95 percent of the nor- 
mal emissivity. 
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APPENDIX A 


THE RADIOMETER 


The radiometer, a commercial instrument, was a Moll-type thermopile consisting of 
66 short thermo-elements mounted inside and near the closed end of a tube (see Figs. 
1and 2). The series of rectangular diaphragms fitted in the tube minimized convection 
effects. The water jacket acted as a temperature stabilizer and minimized drift of 
the thermopile temperature. 

To adapt the instrument to this work, the following techniques were employed: 


1. To avoid impractically large sample sizes for emissivity measurements at high 
angles of emission, a diaphragm was placed immediately in front of the largest diaphragm 
in the radiometer tube to reduce the horizontal dimension from 0.905 in. to 0.300 in. 

2. With the new diaphragm arrangement, the radiometer had an angle factor of 
0.002585, 7.e., when sighting a black body surface, the thermopile intercepted about 
0.26 percent of the total radiant energy emitted by that surface. Consequently, the 
output of the radiometer for the sample temperature range used was of the order of 
a few microvolts. The output was therefore magnified by 200 by means of a standard 
d-c amplifier and then measured by a precision potentiometer and a light beam gal- 
vanometer. The latter had a sensitivity of 0.47 microvolts per millimeter deflection 
of the light spot. Special lead wires to connect the radiometer terminals to the am- 
plifier were essential to avoid pick-up of stray emfs. 

3. It was observed that the instrument usually had a definite output when the ra- 
diometer was closed off by the shutter. This was attributed to small temperature dif- 
ferences between the thermopile cold junctions, the shutter, and the tubular housing 
which gave rise to a net radiation exchange. In order to measure accurately the con- 
tribution of the shutter and to eliminate, as described later, the contribution of the 
housing, the flat two-leaved shutter provided with the instrument was replaced by a 
small conical black body of solid aluminum. Like the shutter, it could be moved into 
and away from the line of sight of the radiometer. 

4. To minimize radiation and convection effects from the surroundings, the radio- 
meter housing was enclosed with aluminum foil. 

5. Readings were found to be unreliable in windy weather. Adiabatic compressions 
and expansions of the room air due to external wind effects were found to be responsible. 


The sensitivity and the response of the radiometer were found to be satisfactory. 
A change of about 0.45 x 10-* Btu/hr in the amount of radiation falling on the thermo- 
pile area could be detected in the radiometer output and the instrument had an almost 
immediate response. 


RADIOMETER CALIBRATION 


A blackened cone heated by a water bath met the requirements of a black body (see 
Fig. A-1) for calibration. The cone was of \%-in. thick sheet copper with a 30 deg 
included angle and 4-in. diameter base. It was determined that any ray of radiation 
which fell on the conical surface between the apex of the cone and about 3 in. from the 
base was reflected at least three times. Hence, with the black surface having a hemi- 
spherical emissivity of 0.90, this section was judged to have an effective emissivity of 
substantially unity. The conical surface seen by the radiometer was restricted to this 
section. 
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The bath was heated by two flexible electrical heaters coiled around the outside of 
the cone. One (500 watts) was manually controlled by an auto-transformer; the other 
(50 watts) was controlled by a thermo-regulator in the water bath. A stirrer provided 
even temperature distribution. With this arrangement, the black body could be main- 
tained constant to within 0.1 deg at any temperature up to 200 F. 

Calibration was carried out as follows. The black body described previously was 
heated to the desired temperature. When equilibrium conditions were obtained, a 
series of three observations were made. The first was the radiometer output when 
the radiometer tube was closed by the small conical black body shutter (see Figs. 1 
and 2), hereafter referred to as black body No. 1. The second was the output when 
the shutter was moved to one side and the instrument was allowed to see the black 
body heated by the water bath, hereafter referred to as black body No. 2. The third 
observation was the output when the radiometer was again covered by the shutter, 
black body No. 1. Temperatures of the black bodies and of the radiometer water 
jacket were also observed. The latter was substantially that of the radiometer thermo- 
pile. 


<-Thermoregulator element 


— Stirrer 


Woter tank 


— Block body cone 


Primary heater heater 


Fic. A-1. Cur Away VIEW oF BaTH 
SHOWING BLACK Bopy AND HEATERS 


Several factors must be considered in determination of the radiometer constant and 
its subsequent use in calculation of radiation quantities from observations of the ra- 
diometer output. First, inequalities between the temperature of the thermopile ele- 
ment, the temperature of the tubular housing and the temperature of the shutter in- 
variably existed. Hence, the instrument had a small output when the tube was closed 
off by the shutter. Since full response was reached in but a few seconds, the time 
elapsed during the sequence of the three readings referred to above was so short that 
changes in this zero output were either zero or so small that its change with time could 
be regarded as linear. As will be shown, this zero output could be eliminated from the 
output observed when the instrument sighted the black body. Second, the constant 
is dependent upon the mean temperature of the thermopile so that this dependence 
must be established. Third, vapor water in the line of sight absorbs a part of the 
radiation emitted by the object sighted and also contributes to the radiant energy 
which falls on the thermopile. The following equations express the relationship be- 
tween radiometer outputs, its constant and the radiant exchanges between the thermo- 
pile and the objects which it sees: 

1. Shutter open, radiometer sighted on black body: 


emf,/C = o[(1 — e2) Trot + — + R . . . (A-1) 
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2. Shutter closed: 
emfs C= of{(1 — + Ti! + & (A-2) 
where 


= radiometer output in microvolts. 
C = radiometer constant, »V per Btu per hour which falls on the thermopile 
area. 
A, = area of the radiometer thermopile, square feet (taken as the area of the 
diaphragm immediately in front of the pile). 
F,., = angle factor of the thermopile (the fraction of the radiation which passes 
through the outermost diaphragm that falls upon the thermopile). 
o = Stephan-Boltzman constant = 0.173 X 10-® Btu per (hour) (square 
foot) (Fahrenheit degree, absolute‘). 


Tw = temperature of the black body shutter, Fahrenheit absolute. 
Tv: = temperature of the black body, Fahrenheit absolute. 
T, = temperature of the radiometer thermopile (jacket temperature), Fahren- 


heit absolute. 

T; = average temperature of the water vapor column inside the radiometer 
tube, Fahrenheit absolute. 

€ = emissivity of this water vapor column, dimensionless. 


T, = average temperature of the water vapor column between the thermo- 
pile and object sighted, Fahrenheit absolute. 

€. = emissivity of this water vapor column, dimensionless. 

R = net radiant energy exchange between the thermopile and its housing, 


Btu per hour. 


Subtraction of Equation A-2 from Equation A-1 eliminates the unknown value of 
R and also the temperature of the thermopile itself, so that 


[(emf): — (emf)2]/C = A; F,-s ¢[(Tp2* — Toi‘) 
— — To!) — a (Ti*— (ASS) 


Ordinarily, temperatures J; and 7), the latter substantially equal to 7;, are nearly 
equal to 7}, so that with negligible error Equation A-3 can be simplified as follows: 


[(emf); — (emf)2]/C = o[(Tn24 — Tut) (1 — . . . (A-4) 


Calibration over the temperature range 80 to 105 F and a range in e, from 0.016 to 
0.074 (dew points 22 to 78 F) established the constant at 2.183 x 104 microvolts per 
Btu per hour radiation incident upon the thermopile area at 75 F. The correction for 
temperature was 0.0018 x 10‘ increase in C per F deg decrease in radiometer tempera- 
ture. 


APPENDIX B 


CALCULATION OF EMISSIVITY FROM EXPERIMENTAL DATA 


The determination was similar to that followed in calibration, that is, the radiometer 
first saw the shutter at the end of the tube, black body No. 1, then the sample surface 
and once again black body No. 1. The outputs were recorded in each case. The 
output of the radiometer when it sighted the sample was due primarily to the net ra- 
diant energy exchange between the sample and the radiometer. However, it also 
included radiation from the surroundings as follows: 

1. Radiation originating at the shield surface and being reflected from the sample 
surface into the radiometer. 

2. Radiation originating at the sample surface and being reflected from the shield 
surface back to the sample surface and into the radiometer. 

3. Radiation originating at the thermopile, a part of which is reflected from the 
sample back to the thermopile. 


— ‘ any 
, 
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4. Radiation originating at either the shield surface or the sample surface and reach- 
ing the radiometer thermopile after multiple reflections. 

The effect of item 4 is very small compared to the total reflected radiation and will 
not be considered. The contributions of items 1 and 2 are: 


= A,F,_, o(1 — @) (1 — &) (B21) 
= — e) [es (1 — (1 — (As/Asn)Ts4] (B-2) 
where 


hemispherical emissivity of the cylindrical shield surface, dimensionless. 


= 
én’ = effective emissivity of the cylindrical shield, dependent on ¢,, and ratio 
of the shield to sample areas, dimensionless. 
€, = emissivity of the sample, dimensionless. 
s = area of the sample, square feet. 
4., = area of the shield, square feet. 
s = temperature of the sample surface, F, absolute. 
Ts. = temperature of the shield surface, F, absolute. 


The contribution of item 3 is 
S; = A;F,_-, oT;* (1 — @) (1 —e) (1 —e) ... . (B-3) 
where 


M = fraction of the reflected radiation that can be intercepted by the thermo- 
pile, dimensionless. 


For diffuse reflecting surfaces, M is substantially zero in the apparatus described 
in this paper. For specular reflecting surfaces, 4 = 0.02 approximately for normal 
incidence viewing and zero for all other angles. The direct contribution of the sample 
and the water vapor column is: 


The radiometer develops an emf proportional to the net exchange between the thermo- 
pile and the objects it sees. When the instrument views the sample, this net exchange is: 


emf/C = (1 — + 


By subtracting Equation A-2, which gives the emf when the shutter closes the end 
of the tube, the unknown R is eliminated. As before, in developing Equation A-4, 
the temperature of the water vapor column inside the tube and between the tube and 
the sample are taken equal to the temperature of the shutter. Solving for e, gives 
the following equation: 


és — ésn’Tsn*) = [(emf), — (emf)2]/[ArFr-s C(1 — + Tit 
— fesn’ Tsn* + 0.132 T.4 (1 — en) + (1 + Y)) . (B-6) 


where 


Y 
A,/Au 


M (i —«,) (1 —e2) —1 
0.132 in the present apparatus. 


Note that ¢, appears in one of the quantities in the bracketed term in the numerator 
and also in Y. Equation B-6 is most easily evaluated by estimating ¢, and then re- 
calculating if necessary. Ordinarily, no further refinement is required. ¢»' was taken 
as unity for diffuse reflecting surfaces. 

The specular reflecting surface presented a special problem in that only radiation 
from the shield that reached the sample at or very near the angle of viewing could 
reach the radiometer via a specular reflection. Hence, the effective emissivity of the 
shield was not necessarily unity. Moreover, the effective emissivity would be different 
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for normal emissivity than for all the other angles because of the sight tube. ¢»’ was 
therefore experimentally determined by making tests with the shield at two different 
temperatures with the viewing angle, @, equal to zero in both cases. Since for angles 
close to zero incidence, ¢, is the same, this factor was then used to find e.,’ for angles 
other than normal incidence by equating expressions for ¢,. The effective shield emis- 
sivity, ésn’, was found to be 0.882 for normal incidence and 0.90 for other than normal. 
The values of ¢.,’ determined included approximately the term 0.132 7,4 (1 — ésn) 
(1 — (és). 

In some cases the sample may be so thick as to cause an appreciable temperature 
drop through it. This was true in the case of the asphalt, and therefore tests with two 
different thicknesses were made in order to estimate the temperature drop. This 
estimate checked very closely with direct measurement by thermocouples. Another 
way to minimize the possible error in determination of the temperature of the sample 
surface is to maintain the shield temperature at the temperature of the sample. The 
only heat loss to cause a temperature drop is that occasioned by the small radiation 
exchange between the sample and the radiometer. Temperature drop across the paint 
films was estimated by measuring the film thickness and calculating the temperature 
drop. 


DISCUSSION 


H. C. Brown, Jr.,* Lancaster, Penna., (WRITTEN): The authors of this paper are 
to be commended for the care taken in measuring the normal and hemispherical emis- 
sivity values. Without question the presentation of such data to our Society is of 
utmost value and is needed in modern engineering design particularly in panel heating 
and cooling. The data presented are of interest to the physicist because they confirm 
measurements for similar surfaces reported earlier by Hottel, McAdams and Jakob, 
and give further confirmation to the well known theoretical relationship between the 
normal and hemispherical emissivities. 

Under Appendix A in Equation A-2, the question arises as to the application of the 
angle factor of the thermopile in determining the effect on the thermopile due to the 
emission by the water vapor column inside the radiometer tube. By definition the 
“angle factor” is only applicable to exchanges between the thermopile and surfaces 
outside the tube. Although the term «7}‘ is later dropped causing no effective error, 
it would still be interesting to know why this term is multiplied by the angle factor. 

The use of a dimensionless ‘‘emissivity factor” to describe the effect of the water vapor 
column in absorbing and emitting radiation should be more fully explained. As this 
factor doubtless depends on the column length, it perhaps can be more accurately 


termed an “apparent emissivity’’ for the particular column length employed. 


Paut H. We11zeEL, Harrisburg, Penna.: I am interested in the texture effect on the 
angle function. May I ask the author this question before I proceed: What is the 
surface character of specular aluminum? 


Mr. PARMELEE: It is anodized aluminum. 


Mr. WEI1zEL: Then I suppose the minute, elemental surfaces are not co-planar if 
analyzed under magnification. 


Mr. PARMELEE: I don’t know. 


Mr. WEITzEL: My thought is that we are talking about: angles; emissivity of sur- 
faces held at different angles; and surfaces which perhaps are not actually single planes 
as regards radiant behavior. I should like to suggest that the inherent irregularity 
of some types of surface has an effect on the angle function. Would you like to com- 
ment? 


* Armstrong Cork Company. 
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Autuors’ CLosurE (G. V. Parmelee): Mr. Brown questions the use of an emissiv- 
ity factor with an angle factor to describe the radiation and absorbing characteristic 
of the column of water vapor in the line of sight of the thermopile. Equation A-2 is 
the radiant energy balance between the thermopile and its surroundings, first the 
material in the line of sight of the thermopile, and second the tube walls, diaphragms, 
etc. By definition the emissivity of a radiating gas is the ratio of the total radiant energy 
received from a hemispherical gas mass by an infinitesimal area or patch at the center 
of the base of this hemisphere to the radiation this area would receive from a “black” 
hemispherical surface of the same radius and at the same temperature as the gas with 
no enclosed absorbing medium. A hemisphere is chosen for the shape because the path 
length from the patch to the hemispherical boundary is the same in all directions. 
This definition also holds with respect to a conical gas shape of which the base can 
be imagined to lie beyond the outer diaphragm of the radiometer and to lie in the plane 
of and to be equal in area to that portion of some solid surface seen by the radiometer. 
The apex of the cone lies in the plane of the radiometer thermopile. Because the 
thermopile has a finite area, we actually were concerned with a truncated cone of gas 
and made the assumption that the emissivity (and absorptivity) of this gas shape was 
the same as that of the conical shape. The radiant energy exchange between the 
thermopile and the rest of the gas enclosed in the tube is included with the exchange 
between the pile and the radiometer tube. This has been designated by the term, R. 

The emission of the conical gas column toward the thermopile is the emission of an 
imaginary ‘“‘black” surface at the base of the cone times the emissivity, «, of the water 
vapor column. The “black” surface radiates toward the thermopile. 


A,F...0T;* Btu per hour 


where 


A, = area of the base of the cone, sq. ft. 
F,. = fraction of the total hemispherical radiation emitted by A, through the 
outer diaphragm toward A; the thermopile area. 
Ti temperature of the water vapor column, degrees F absolute. 
o = Stephan-Boltzman constant. 


By the reciprocity theorem A,F.; = ArF;~s, so that the second term of equation A-2 
becomes 

This effect of water vapor on the instrument constant was verified by experiment. 
Calibrations and measurements were made at very low dew point and then with the 
highest possible dew point. Very satisfactory agreement was obtained for values of 
emissivity determined first at low dewpoint and then at high dew point when the cor- 
rections for water vapor absorption were applied. 

In reply to Mr. Weitzel’s question as to the nature of surfaces, the elemental surfaces 
of the specular aluminum were probably co-planar, at least for the wave length of light, 
because the material was a perfect reflector. It is not known if this is true for the long 
wave length infra-red. Undoubtedly the elemental surfaces of the other materials were 
not co-planar, because they were diffuse reflectors of light. It would seem that this 
lack of planeness should tend to minimize the departures from the cosine law at high 
angles of emission, rather than to cause the departures. The fact that the emissivity 
of the asphalt at high angles is actually greater than for the gray paint which has a 
higher normal emissivity and which presented a much smoother surface, may be evidence 
of this. 
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CIRCUIT ANALYSIS APPLIED TO LOAD ESTIMATING 


Part II-Influence of Transmitted Solar Radiation 


By H. B. Notrace*, Santa Monica, Cauir., AND G. V. PARMELEE**, 
CLEVELAND, OHIO 


This paper is the result of research carried on by the AMERICAN 
SOCIETY OF HEATING AND AIR-CONDITIONING ENGINEERS, INC., at 
its Research Laboratory located at 7218 Euclid Ave., Cleveland 3, Ohio. 


IR-CONDITIONING engineers have been faced for many years with the 

problem of making suitable allowances in load estimates for the thermal 
capacity of the interior sections of buildings. Under conditions of periodic varia- 
tions in solar intensity, outdoor temperature, and the outputs of various internal 
energy sources, these sections store and release in a cyclic manner part of the heat 
which enters an air-conditioned space. As a result, there can be a considerable | 
difference between the instantaneous load on a cooling system and the calculated , 
instantaneous rate of heat flow into the space. This has been demonstrated and 
pointed out in many papers. 

Although practical means of calculating instantaneous rates of heat flow through 
weather-exposed building sections are in common use and take heat storage into 
account, means of adequately treating the heat-capacity effects of entire structures 
on cooling (or heating) system loads are still in the development stage. In the 
first ASHAE paper! on circuit analysis, the fundamental concept of representing 
thermal systems by thermal-circuit diagrams and a method of analyzing such 
circuits were developed. This concept recognizes that the thermal system of 
structure, equipment, furnishings, and outdoor environment constitutes a system 
of thermal capacitances, energy sources and energy receivers interconnected by 
thermal resistances. The thermal-circuit diagram shows these interconnections 
and thereby facilitates analysis. Moreover, the circuit diagram visually empha- 
sizes the basic point that whatever happens at some instant of time at one point 
in the system or circuit influences the rest of the system. 

This paper, and the first, are concerned mainly with developing principles of 
circuit diagramming and analysis. However, to sharpen reader familiarity with 


* Project Manager, Propulsion Research Corp. Member of ASHAE. 

** Senior Research Supervisor, ASHAE Research Laboratory. Member of ASHAE, 

! Exponent numerals refer to References. 

Presented at the 61st Annual Meeting of the AMERICAN SocrETY OF HEATING AND AIR-CONDITIONING 
ENGINEERS, Philadelphia, January 1955. 


125 


j 
‘ 
‘ 


126 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND AIR-CONDITIONING ENGINEERS 


the subject an illustrative problem has been set up and solved. For convenience, 
solution of the problem has been divided into: 


Phase A—Analysis of cooling load due to the outdoor environment but excluding 
the effects of solar radiation transmitted directly through glass, and 

Phase B—Analysis of cooling load due only to solar radiation transmitted through 
glass. 


Results for Phase A only were given in the initial paper. The present paper 
gives the results for Phase B as (1), the load due only to transmitted-solar radia- 
tion and (2), this load plus the Phase A results. 


Rear Wall 
e 
Ceiling 
\\ 
; 
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Outer wall | 477 J 
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Fic. 1. SKETCH OF NORTH-EXPOSURE ROOM FOR ILLUSTRATIVE 
PROBLEM 


Advisory guidance has been given by the Technical Advisory Committees on 
Cooling Load¢ and Heat Flow Through Glassf. 


ILLUSTRATIVE EXAMPLE 


The thermal system established in the first paper and for this paper is the north- 
exposure room sketched in Fig. 1. The instantaneous load is to be found for an 
air-cooling system that maintains the room air at a temperature of 75 F through- 
out a 24-hr cycle. 

Only loads arising from the influence of the outdoor environment are considered. 
Three energy sources are involved. One is the time-variable sol-air temperature 
for the weather side of the outer wall k. A second is the time-variable temperature 
of the window, which is warmed by the outdoor air and by absorption of part of 
the incident solar radiation. The load resulting from these two sources was given 
in the first paper! as Phase A results. The third load-producing source is the 
time-variable quantity of solar radiation which enters the room by direct trans- 


+ Personnel: C. O. Mackey, Chairman; R. C. Jordan, Vice Chairman; K. O. Alexander, John Everetts, 
Jr., H. T. Gilkey, R. H. Heilman, H. W. Heisterkamp, A. J. Hess, A. T. Jorn, C. F. Kayan, J. N. Liver- 
more, P. E. McNall, Jr., 1. A. Naman, H. B. Nottage, C. P. Roberts, I. P. Stewart, H. B. Vincent, T. 
N. Willcox, W. E. Zieber. 
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mission through the glass. In thermal-circuit terminology, the first two sources 
are described as thermal-potential (temperature) generating energy sources. The 
third is called a thermal-current-generating source. 

As in Phase A, two cases are analyzed as follows: Case I—Single-glass window; 
Case 1I—Glass-block window. The glass block is that described in Chapter 13 of 
Tue GuIDE 1954 as Type I. 


TABLE 1—ASSUMED STRUCTURAL DETAILS AND THERMAL PROPERTIES FOR THE 
ILLUSTRATIVE EXAMPLE 


k a 
Sym- TOTAL Sur- |Bru/(HR) us Btu SQ FT 
Room BOL, MATERIAL THICK. FACE (sQ FT) 
COMPONENT | Fic. 1 IN. AREA (F DEG/ 
SQ FT (FT) CU FT |LB F DEG HR 
Floor f Concrete, no 
covering 4 300 | 0.41 97 0.21 | 0.020 
Ceiling c Same as floor 
Interior Gypsum lath & 
Partitions e plaster K 200 | 0.275 70 0.23 | 0.017 
Wood studs, 134 
x 334 in. spaced | — — | 0.085 30 0.40 | 0.007 
16-in centers 
b,d | Same 96 
Exterior 
Wall h Brick 4 135 0.51% 112" | 0.20 | 0.023 
Mortar % 135 1.0 115 0.22 | 0.039 
Cinder-concrete 
blocks 8 135 0.408 572 | 0.21 | 0.033 
Furring space, 
lath & plaster, 
taken to be same 
as for interior 
partitions. 
Glass g Case I—Single common window glass—65 sq ft 
Case II—Type I 8-in. glass blocks 
Smooth exterior faces, wide ribs or 
flutes on interior faces—65 sy ft 
| 


® For solid substance with no core holes, having the same net weight and overall thermal resistance as 
the actual structural units. Symbols: k= thermal conductivity; p = density; cp = unit heat capacity 
at constant pressure; a = thermal diffusivity. 


Structural details are the same as for Phase A, but are repeated in this paper for 
convenience in Table 1. The postulated conditions which further define the 
problem include the condition of no heat flow across the mid-planes of the ceiling, 
the floor and the interior walls. In effect, then, the adjoining spaces are at the 
same temperature as the room chosen for analysis. 

In order to approach a practical situation, the weather conditions chosen for 
this north-exposure room are those for a clear atmosphere on an August 1 design 
day at 40 deg North latitude. The diurnal cycle of dry-bulb temperature is that 
given in Table 8 of Chapter 13 of THE GumpE 1954 and has a maximum of 95 F 
at 3:00 p.m. suntime and a minimum of 74 F at 5:00 a.m. The solar data used 
in the problem are discussed later. 


. 
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Circuit DIAGRAM 


The thermal circuit which represents this room under the imposed conditions is 
Fig. 2. The lettered junction points correspond to the lettered room surfaces of 
Fig. 1. The constant room-air temperature is junction point a in the center of 
the diagram. The dashed branches of the circuit connect the directly transmitted 
solar radiation, which enters the room through the glass, with the various room 
surfaces. Thermal-capacitance elements are designated as Cy, Cm, C2, etc. and 
thermal-resistance elements as Rin, Rna, Rut, etc. The thermal capacitance of 
the outer wall is the sum of the first two designated capacitances. The third 
equals half of the thermal capacitance of the floor (the other half would appear in 
the circuit for the adjoining room). The three designated resistances are re- 
spectively: part’ of the thermal resistance of the outer wall h; the convection 
resistance between / and the room air a; and the radiation resistance between wall 
surface ) and floor surface f. Evaluations of these circuit quantities were de- 
scribed in appendixes to the first paper. The values are summarized in Appendix 
A of this paper. 


Crrcuir PRINCIPLES 


At this point, a brief explanation of circuit principles may encourage the reader 
to look upon the circuit diagram as a vivid picture of a typical thermal system. 
The circuit should not be regarded as an electrical circuit although electrical 
symbols were borrowed to represent thermal elements and although analogous 
electrical circuits are a useful means of solving thermal problems. 

The basis for drawing and solving thermal circuits is the principle of the thermal- 
current or heat balance. Consider point f on the floor surface. A solar-radiation 
thermal current comes through the window and strikes the floor where it is ab- 
sorbed. In the exchange of low-temperature radiation between f and the other 
room surfaces, thermal currents flow between these surfaces and f through radia- 
tion resistances, such as Ryz, connecting these surfaces with f. At the same time 
a convective thermal! current flows from f to room air a (this is a cooling load 
current) through resistance Ry,. Also a conductive thermal current flows from f 
through resistance R- into capacitance C;, which stores this energy. At any 
instant of time, the algebraic sum of these thermal currents must equal zero in 
accord with the law of the conservation of energy. 

Solving circuit problems consists simply in expressing the thermal-current 
balances for each junction point in mathematical equations and solving them 
simultaneously for the unknown circuit-junction temperatures. Thermal currents 
can then be computed. Alternately, some sort of physical analogue can be con- 
structed and measurements made by instruments, a procedure similar to studying 
the performance of a full-scale thermal system. Further discussion will be con- 
fined to the mathematical method and other techniques developed in this and the 
previous paper.! 

Superposition: In this paper, the thermal circuit is treated as a linear circuit: 
that is, one in which the thermal properties of the materials and the convection 
and radiation resistances are independent of temperature and rates of heat flow. 
Such a circuit permits direct superposition of the effects of all inputs treated 
separately and is the basis for analyzing the circuit in Phases A and B_ For ex- 
ample, if, at some instant of time, the temperature of the floor surface f is found 
to be 1.5 deg above the constant room-air temperature of 75 F under the Phase A 
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conditions only, and 1.2 deg above 75 F under the Phase B conditions only, the 
floor temperature for the combined conditions would be 75 F plus the sum of 1.5 
and 1.2 or 77.7 F. Thermal currents are similarly added. 

Though linearization of circuits is an idealization from the real system, a very 
important advantage is gained, namely, the ability to determine the separate 
contribution of each load-producing element to the total system load. Further- 
more, computation procedures (or analogue techniques) in circuit analysis are 
simplified. 

In the Phase A calculations, the sol-air and glass inner-surface temperatures 
were established by calculations based upon the chosen solar-radiation values, air 


C 
Rac Rep Through Glass 
dL Rev bi Rog 
Rg Reo Rhe 3 Ree Rp ff 
+ | 
4 R, 
Infiltration Load Ren Roe + 
Component Ret 
Loa Glass 
' 
Meter Ree ' Temp 
Outdoor R ' 
Air Temp Rat ; 
R > 
=> Ros Rep - 
1. Constant room air temp 
Gm Ret Ce (point a) taken as datum 
Rig pa | 2. Junction labels refer to 
f = corresponding indoor 
Sol-Air surfaces in Fig. 2. 
Temp eRe 3. Points k and m are 
=+_c within the outer wall; 
= see Appendix D. 


Fic. 2. THERMAL CIRCUIT TO BE SOLVED 


temperature and outdoor convection conductance. The junction-point tempera- 
tures and thermal currents resulting from only these two cyclic potentials were 
solved for in Phase A. The solar-radiation current generator was removed and 
the dotted branch connections were left open. 

In the Phase B problem, the circuit is solved under the condition that the trans- 
mitted-solar-radiation thermal-current source is connected via the dotted lines 
while the sol-air and glass-temperature generators are removed, leaving g and s 
connected to ground through the dotted jumpers shown in Fig. 2. This treat- 
ment is not essential to solving the circuit, but permits the solar-radiation load 
currents to be determined independently of the currents produced by other sources. 
This step is validated in Appendix B. 


Rag 
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One more point with respect to circuit handling technique requires mention, 
namely, the matter of not connecting g to ground through an outdoor convection 
resistance. This is discussed in Appendix C. 

Transmitted-Solar-Radiation Thermal Currents: The total transmitted-solar- 
radiation thermal current is the sum of a diffuse (or sky) component and a direct 
(or beamed) component. The thermal currents for this problem are shown in 
Fig. 3. With respect to the diffuse component, it was assumed that partial shading 
by the window opening was negligible. Hence hourly values of this component 
were multiplied by the window opening area of 65 sq ft. On the August 1 design 
day chosen for this problem, the direct component strikes a north-exposure wall 
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Fic. 3. TRANSMITTED SOLAR RaptA- 

TION THERMAL CURRENTS THROUGH 
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or window only for a few hours early in the morning and again late in the after- 
noon. Moreover, the beam strikes the opening at such large incident angles that 
most of it is intercepted by the sides of the window opening in the thick wall. 
Therefore, hourly values of the direct component were multiplied by 65 sq ft 
times the fractional cross-section area of the beam which actually enters the room. 
These fractions are given in Table D-1 of Appendix D. 

Hourly values of the diffuse and direct components which were used in com- 
puting the thermal currents of Fig. 3 were those used by the ASHAE Research 
Laboratory in preparing heat gain data tables for THE GumE. The sums of 
these components now appear in Tables 13 and 20 of Chapter 13 of THE GUIDE 
1954 as instantaneous rates of heat gain due to transmitted direct and diffuse solar 
radiation by single common window glass and Type I glass block respectively. 
However, because the table values are rounded off to the nearest whole number, 
there are small differences between the table values times 65 sq ft and the curves 
of Fig. 3. For example, at noon the table value of 17 Btu per (hr) (sq ft) for 
north-exposed window glass on August 1 at 40 deg north latitude gives a total of 
1105 Btu per hr whereas the diffuse component curve of Fig. 3 gives 1140, a value 
which also appears later on in the fourth column of Table 3. The result of partial 
shading of the direct beam is brought out in the following example: At 6:00 a.m. 
(and 6:00 p.m.) the table value of 26 Btu per (hr) (sq ft) given in THE GUIDE gives 
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a total of 1690 Btu per hr for window glass, whereas in this paper the sum of the 
direct and diffuse components is (16.5 X 0.268 + 9.5) 65 or 905 Btu per hr. 

The distribution of the thermal currents among the room surfaces was de- 
termined as follows. With respect to the diffuse component it was assumed that 
the transmitted radiation emanated uniformly from the entire glass surface. The 
total, therefore, was divided among the various room surfaces in accordance with 
their shape factors with respect to the window. These fractions are given in 
Table D-1 of Appendix D and are the same for both Case I and Case II. This 
division is indicated by the dotted lines to the several junction points from the 
transmitted-radiation thermal-current source (Fig. 2). It was further assumed 
that the room surfaces completely absorbed the solar radiation incident upon 
them. 

A geometrical analysis of the direct beam shows that, of the beam not cut off 
by the window opening, only west wall d intercepts the beam in the morning and 


T T 
| | Oiffuse Sotar 400 
| Radiation 
| J syntnesis 3 4 \, 
syntnesis A 
| w 
a 
| > 7 | Diffuse Soror Radiation 
« | * 10-harmonic synthesis 
« SUN TIME 
| 
Incident on | 
| | Fic. 4. CoMPARISON BETWEEN 4-Har- 


4-harmonic syntnesis 
1O-narmonic synthesis 


||| MONIC AND 10-HARMONIC SYNTHESES OF 
| _| TRANSMITTED SOLAR RADIATION THER- 

NUTT rae f MAL CURRENTS 

| Mi} (A) CAs—E I—Winpow GLaAss—(LEFT) 


joon 
SUN TIME 


only east wall 6 in the afternoon. To avoid unnecessary complications in this 
illustrative problem, it was assumed that the plane of the glass coincides with the 
plane of the inner surface of wall 4. Hence, the portion of the beam intercepted 
by the sides of the opening falls outside the room. It was assumed, therefore, 
that the energy in this part of the beam was dissipated to the outdoors. Note 
that the dotted connections to } and d carry diffuse radiation thermal currents 
and, at certain times, they carry these direct radiation currents as well. 

A further assumption with respect to these two beams was that surfaces b and 
d maintain uniform temperatures at all times. Were this not done, the analysis 
would require each of these surfaces to be divided into a beam intercepting and a 
shadowed portion and the introduction of additional junction points in the circuit 
diagram. (This latter step might well be justified in some problems.) 

In Case II, the transmitted direct-radiation currents are so small that they have 
been added directly to the load to obtain the total resultant loads. It should be 
emphasized that spatial distribution data on radiation from sources such as the 
sun and lighting fixtures are required in order to supply the proper current values 
to each room surface. 


rh. 
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Fourier Series Expressions: The technique of circuit analysis used in this and the 
previous paper requires that periodic phenomena, such as sol-air temperatures and 
transmitted radiation currents, be expressed as Fourier series. Therefore, analyses 
of the curves of Fig. 3 were made through the first 10 harmonics. Table D-2 of 
Appendix D summarizes the harmonic coefficients. Figs. 4a and 40 give the four- 
harmonic and ten-harmonic syntheses. Comparison shows that the four-harmonic 
syntheses closely approximate the corresponding curves of Fig. 3 and therefore 
were used in the Phase B calculations. This point is discussed further at the end 
of the paper. 

Circuit Equations and Their Solution: Circuit equations are written by making 
instantaneous thermal current balances on each junction point in Fig. 2. As 
previously noted the instantaneous algebraic sum of all the currents entering a 
junction point must be zero. In thermal circuits current flow in both resistance 
and capacitance branches must be considered. This is treated by the concepts 
of thermal admittance and thermal impedance, which were explained in the first 
paper’. Admittance and impedance are analogous to conductance and resistance 
respectively, so that 


Thermal Potential Difference (1) 
Thermal Impedance 


Thermal Current = 


Thermal Current = Thermal Admittance X Thermal Potential Difference . (2) 


= 
| | 
12M 4 8 12Noon 4 8 i2 | 
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where 


Btu per hour 

Fahrenheit degrees 

Fahrenheit degrees per (Btu) (hour) 
Btu per hour (Fahrenheit degree) 


Thermal Current 

Thermal Potential Difference 
Thermal Impedance 
Thermal Admittance 


The various currents, then, are expressed in terms of junction potentials and 
branch admittances in accord with Equation 2, or as quantities, such as the solar 
radiation thermal currents, which are known from the conditions of the problem. 
The number of equations is equal to the number of unknown junction potentials. 
The techniques of writing equations and the use of vector notation have been ex- 
plained in the previous paper. 

Tables D-3 and D-4 of Appendix D give the equations to be solved. Solutions 
were obtained by means of a computing machine designed to solve simultaneous 
linear algebraic equations and are in the form of Fourier series coefficients for the 
junction-point potentials. These are listed in Table D-5. 


RESULTS AND DISCUSSION 


Structural Temperature Cycles: Figs. 5 and 6 give the temperature cycles for the 
floor, ceiling, and end wall d, and show the influence of directly transmitted radia- 


76—— - —— 


134 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND AIR-CONDITIONING ENGINEERS 


tion by comparison of the Phase A and Phase B magnitudes. Curves for the 
other surfaces can be plotted from the data of Table D-5. 

The bump in the curve for wall d in Case I is the result of direct or beamed radia- 
tion falling on this surface for about two hours early in the morning, in addition 


BTU PER HOUR 
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| Heat Storage Current i \ 


Rediction 


ansmitted Solar 
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to the diffuse radiation, which increases slowly to a maximum at noon and then 
decreases. The differences between the pairs of curves represent the maximum 
attainable improvement by shading devices. It is worth noting that though the 
room-air temperature is held constant, the area-weighted average temperature of 
the room surfaces is somewhat higher. In Case I this temperature was a maxi- 
mum of 2.8 deg above the room air temperature for Phases A and B combined. 
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Note further that orientations other than the north used for this problem receive 
much more solar radiation. 

Structural Thermal-Current Cycles: Currents in the various circuit branches are 
computed as the vector products of the corresponding admittances and potential 
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differences. Complete current cycles for the floor, ceiling, and wall e (opposite 
the glass) are given in Fig. 7 for Case I, single window glass, and in Fig. 8, Case 
II, glass block. Resultant currents are given in Fig. 9 and show the effect of 
thermal storage on load due to directly transmitted radiation. For Case I in 
Fig. 9 the solar radiation curve is the sum of the four-harmonic synthesized curve 
of transmitted diffuse solar radiation and the synthesized curves of transmitted 
direct radiation which falls on end walls 6 and d. These are shown separately in 
Fig. 4a. For Case II the curve is identical with the four-harmonic synthesized 
curve of Fig. 4b. The small direct-to-load radiation component of Case II is not 
included. 

The cycles of individual current balances (heat balances) largely tell their own 
story of the interplay of heat-transfer and heat-storage phenomena. Note par- 
ticularly the following five points. 


| 
| 50} 
i 


136 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND AIR-CONDITIONING ENGINEERS 
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1. The resultant convection currents (system load) due to transmitted solar radiation 
of ig. 9 are of especial interest. In both cases they lag the peaks of the solar-radiation 
currents by approximately three hours and the peak convection currents are 75 and 80 
percent of the peak radiation currents for Cases I and II. 

2. Note that even at midnight the system load is 20 to 25 percent of the peak load. 
This, of course, is due to the release of stored heat, indicated by the negative rates of 
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Fic. 10. INSTANTANEOUS CooLING LoAps COMPARED WITH 
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heat storage shown in Fig. 9 between the hours of 4:00 p.m. and 4:00 a.m. in both 
Case I and Case II. 

3. Figs. 7 and 8 show that the low temperature radiation exchange is from the other 
room surfaces to the floor, that is, the floor is the coolest surface. The floor absorbs 
nearly as much radiation per unit area as the other room surfaces, but its higher con- 
vection conductance prevents it from reaching temperatures as high as those of the 
others. 

4. The net heat balance on all interior surfaces gives no net flow through these sur- 
faces throughout a 24-hr period. However, in this period there is a small flow from the 
room to the outdoor environment through the glass and through the exposed wall h. 
Had phases A and B been solved together, this current flow would have appeared as a 
reduction in the heat conduction through the glass from the warmer outdoors to the 
room. For Case I, separate curves have been shown. Because of the low thermal 
resistance, the heat flow out through the glass is nearly 8 percent of the total input. 
(This is discussed in Appendix C.) Because of the high thermal resistance of the wall 
and the glass block and the smaller transmitted radiation, this flow is very small in 
Case II. The sum is represented by a single curve in this instance. 

5. The reduced transmission from glass block shows up strongly. 
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Total System Load: Figs. 10 and 11 give the total resultant cooling loads by 
combining the Phase A results of the previous paper and the load curves of Fig. 9. 
The small direct-to-load component of Case II is also included in Fig. 11. The 
values are also listed in Table 2. In both cases the load peak of Phases A and B 
together occurs at the same hour as the Phase A load peak despite the fact that 
the Phase B results peak about 2 hr earlier. This is because the Phase A con- 
ditions are the principal load producing factors for this north orientated room. 
Though the Phase A results do not separate the load due to conduction through 
the wall from the load due to the glass being warmed by both the sun and outdoor 
air, the warm glass surface appears to be the dominant contributor to the total 
cooling load. 

Instantaneous Cooling Load and Instantaneous Heat Gain: In the absence of 
methods of treating internal heat storage, common practice is to consider the 
instantaneous rates of heat gain. such as those given in THE GUIDE, as instantaneous 
cooling loads. Hence, the synthesized radiation curves of Fig. 9 represent cooling 
load by this standard. In this particular example, the instantaneous gain method 
overestimates the load due to the transmitted radiation component and gives an 
earlier time for the peak load. 


Recently a similar circuit was analyzed by Mackey and Gay? with a hydraulic 
analogue. With comparable ratio of glass to floor area but with a south exposure 
the peak cooling load was found to be about 50 percent of the peak instantaneous 
rate of heat gain and occurred about 2 hr later. This compares with 75 to 80 
percent and a 3-hr time lag in the present paper for the north-exposure room. 
The reason for the differences, particularly the relative amplitudes, may be due to 
the more rapid rate of increase in the south wall solar radiation curve. 
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Figs. 10 and 11 compare the total instantaneous cooling loads with the total 
instantaneous heat gains. These values are listed in Table 3. In Case I the peak 
load occurs 3 hr later than the peak gain and is 15 percent less. In Case II the 
result is different in that the peaks occur at the same time and the total peak load 
is only 5 percent less than the peak instantaneous gain. 


TABLE 2—INSTANTANEOUS SYSTEM-LOAD COMPONENTS BY CIRCUIT ANALYSIS 


Heat-FLow RatES—Btu PER Hour 


CasE GLass | CasE BLock 
| PHASE B 
TIME | PHASE PHaAsE* | PHASE | 
A B TOTAL A | | | TOTAL 
DirrusE | Direct> 

| 
12Mn 763 204 =| 967 747 62 | | 809 
la.m 673 173 846 667 $2 719 
2 596 126 tae 576 33 | 609 
3 515 87 602 506 2 | 531 
4 | 427 84 511 460 29 | 489 
5 | 382 145 527 | 410 44 14 468 
6 361 205 566 460 | 69 28 557 
7 347 398 745 421 | 103 524 
8 398 500 898 353 140 493 
9 | $a 575 | 1088 342 184 526 
10 | 666 643 1309 388 224 612 
11 | 883 713 1596 , 479 258 737 
12N 1101 783 1884 608 280 | 888 
lpm. | 1276 818 2094 751 296 1047 
1406 824 2230 886 302 | 1188 
3 1499 824 2323 985 306 1291 
4 1539 823 2362 1079 301 1380 
5 1540 806 2346 1174 279 1453 
6 1501 757 2258 1280 244 26 | #352 
7 1348 657 2005 | 1256 199 14 ~—s- 1469 
8 1264 500 1764 | «1154 145 1299 
9 1154 369 1523 | 1023 105 1128 
10 1018 264 1282 | 909 83 992 
11 892 219 1111 838 73 911 


* Due to both diffuse and direct solar radiation. 
> This is the Direct-to-Load component. 


The total instantaneous gains listed in Table 3 and plotted in Figs. 10 and 11 
were prepared as follows. The heat flows through the exposed north wall as given 
in Table 3 were computed in accordance with Equation 5 of Chapter 12 of THE 
GuIDE 1952. The sol-air temperatures used were those given by Fig. 4 of Reference 
1. Convection and radiation gain values for single glass and for glass block were 
taken directly from Tables 17 and 24, respectively, of Chapter 12 of THE GUIDE 
1952 and multiplied by 65 sq ft to obtain the C & R values listed in Table 3. Note 
that these tables are based on 75 F indoor temperature, the same condition postu- 
lated for this illustrative problem. (The 1952 values were used in order to be 
consistent with the first paper, which was prepared in 1953 when only THE GUIDE 
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1952 was available.) The heat flow rates due to transmitted solar radiation are 
simply the sums of the direct and diffuse components given by the curves of Fig. 
3. The preparation of these data was discussed earlier in this paper. The total 
instantaneous gains shown in Figs. 10 and 11 are the sums of these three heat 
gain components. 


TABLE 3—INSTANTANEOUS HEAT-FLOW RATES FOR ILLUSTRATIVE PROBLEM 


Heat-FLow Rates—Bru PER Hour 


SINGLE WALL & Guass | WALL & 

SuN OUTER SINGLE GLASS SINGLE GLASS BLock GLass 
TIME GLAss TraNs- | Glass BLock Trans- | Brock 
TOTAL C&R mitTED | TOoTAL C&R mitted Torta 
12 Mn 520 117 0 637 156 0 676 
1 a.m. 531 52 0 583 91 0 622 
2 | 377 33 0 410 33 0 410 
3 345 0 0 345 13 0 358 
4 321 —46 | 0 275 13 0 334 
5 301 —65 | 131 367 — 65 27 263 
6 281 0 905 1186 130 236 647 
7 257 0 | 806 1063 195 273 725 
8 246 130 891 1267 130 306 682 
9 246 325 | 969 1540 130 332 | 708 
10 235 520 | 1040 1795 260 358 853 
11 224 845 1110 2179 390 377, (991 
12N 235 1105 / 1140 2480 520 384 1139 
1 p.m. 345 1300 1110 =| 2755 650 377 1372 
2 321 1365 | 1040 | 2726 1394 
3 301 1430 969 2700 845 | 332 1478 
4 345 | 1365 891 2610 845 | 306 1496 
5 377 1300 =| 806 2583 845 | 273 | 1495 
6 421 | 1170 905 2496 975 236 =| 1632 
7 465 845 131 1441 845 | 27 «1337 
8 487 715 0 1202 585 0 1072 
9 498 520 0 | 1018 390 0 888 
10 509 384 Oo |} 893 320 0 829 
11 487 220 0 0 721 


707 234 


GENERAL COMMENTS 


Possible Correction Factors to Instantaneous Heat Gain: The present results are 
limited, but it appears promising to take the instantaneous load as some percentage 
of the instantaneous gain as computed from data in THE GuipE. However, 
because the Phase B results alone give substantially the same time lag and nearly 
the same ratio of peak load to peak gain for both cases, whereas this is not true 
when the Phase A and Phase B results are considered together, it appears that 
percentages should be applied to load components. A method of adjusting in- 
stantaneous rates of heat gain in residences for heat storage, based on analogue 
computer studies, is given in the recent paper by Willcox, et al*. It is apparent 
that much more study of typical circuits and particularly of the separate effects of 
load-producing components is needed. With respect to the effects of internal heat 
storage on loads, one can expect that spaces cooled by circulated air alone will 
differ considerably from spaces cooled by air and cool panels. The present problem 
indicates the importance of using shading devices, but the fact that interior shades 
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can reach rather high temperatures and convert much of the radiation component 
to convection must be taken into account. 

Though circuit analysis indicates that significant reduction factors on instan- 
taneous heat gain rates with consequent reduction in size of equipment are in 
order, further reduction in size of equipment can also be made by allowing the 
indoor temperature to rise at the peak. Circuit analysis principles provide an 
excellent tool to study this and other operating procedures. 

Infiltration: Note that infiltration is considered to be an instantaneous load, 
added directly to the system load in Fig. 2. Within the uncertainties or infiltra- 
tion, this is judged to be reasonable. 

Fourier Series Treatment: The burden of detailed calculations in the solution of 
circuit problems by the equation method, as employed in this study, arises from 
the need to consider several Fourier-series harmonics. Present experience suggests 
that no more than four harmonics will be needed in practical problems. Judgment 
rests upon the shapes of the input cycles,—the nearer these are to sine waves, the 
fewer the needed harmonics. 

The accuracy to which a harmonic analysis or synthesis should be carried depends 
upon the purpose involved. Detailed study of temperature and heat-flow cycles 
requires more harmonics than does a gross study of system load. Referring to 
Fig. 4, the gain from four to ten harmonics is seen not to be worth the effort in 
the present case. The four-harmonic synthesized input curve of diffuse radiation, 
for Case I, for example, makes the sun rise at about 3:30 a.m. whereas the correct 
time of sunrise is 4:30 a.m. (see Fig. 3). Moreover, it introduces a radiation 
current during the night hours that oscillates between a positive 100 Btu per hour 
and a negative 55 Btu per hr. Additional harmonics improve the representation 
of the true cycle, but for the north exposure, the departures from the behavior of 
a real physical system are not serious. 

It should be noted that the addition of harmonics to the 24-hr average or steady- 
state value changes only the shape of the curve but does not change the net area 
under the curve. Furthermore, the net area under a curve synthesized by adding 
any number of harmonics equals the area under the curve which has_ been 
“analyzed”. That is, the areas under the synthesized diffuse solar radiation curves 
of Fig. 4a are exactly equal to the area under the diffuse solar radiation curve for 
window glass given in Fig. 3. 

It is probable that all cases where such discontinuous functions are involved will 
require a considerable number of harmonics for proper representation. It should 
be noted that the radiation input from lights which are on only part of the day 
would be a discontinuous or step-wave input function. In contrast to this, har- 
monic representations of sol-air temperatures require relatively few harmonics 
because such functions oscillate continuously throughout the 24-hour cycle. 

More experience will give a basis for generalizing and simplifying the series 
analysis. 


FURTHER WoRK 


The really lasting value of the present study is the further demonstration and 
validation of the circuit method for continuing work in load analyses, control 
studies, and all types of structural and equipment problems wherein the system 
effect of any variable is needed. This viewpoint is very important for economic 
analyses, wherein the importance of a particular quantity (resistance, capacitance, 
potential, or current) is related to the expenditure connected with a change or 
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control of its cyclic magnitude. The system problems of automatic controls, in 
particular, can be properly studied only with some form of circuit analysis. 

The next step needed is an analysis of the same room with different exposures, 
and then of the same room but located directly under a roof. Shading devices 
also should be studied. 

It is entirely possible that sufficient experience in the load-estimating use of 
circuit analysis will lead to a simple and practical classification of structures, with 
factors which will correct the load estimating method as given in THE GUIDE to 
an actual equipment-selection basis. This thought also enters via the work of 
others” 

Complicated systems, wherein the value of the results warrants the cost, perhaps 
are best handled on an analogue. The ASHAE has taken steps in this direction 
through sponsorship of a cooperative project at the University of California, Los 
Angeles, and the appointment of a Coordinating Committee on Thermal Circuit to 
advise concerning an analogue at the ASHAE Research Laboratory. 


CONCLUSIONS 


1. The practical value of circuit methods for analyzing air-conditioning loads has 
been further demonstrated in an illustrative example. 

2. For a north-exposed room, the peak instantaneous cooling load due only to solar 
radiation transmitted through a window was found to be 75 percent of the peak in- 
stantaneous heat gain and to occur 3 hr later. 

3. Continuing work is essential both to realize the full potentialities of circuit analy- 
ses and to simplify the solution of problems. 


REFERENCES 


1. ASHVE Research Report No. 1497—Circuit Analysis Applied to Load Estimat- 
ing, by H. B. Nottage and G. V. Parmelee (ASHVE Transactions, Vol. 60, 1954, p. 
59). 

2. Cooling Loads from Sunlit Glass and Wall, by C. O. Mackey and N. R. Gay 
(ASHVE Transactions, Vol. 60, 1954, p. 469). 

3. Analogue Computer Analysis of Residential Cooling Loads, by T. N. Willcox, 
C. T. Oergel, S. G. Reque, C. M. toeLaer, and W. R. Brisken (ASHVE TRANSACTIONS, 
Vol. 60, 1954, p. 505). 


APPENDIX A 


TABLE A-1—SUMMARY OF CIRCUIT RESISTANCES AND CAPACITANCES 


Branch Resistances X 10? in F deg per (Btu) (hr) 
Example: Rae = 0.0575 F deg per (Btu) (hr) 


c 3.97 | 3.97 | 2.82| 1.80; — | 0.857) — | — | 5.02 | am 
d 19.4 }; — 7.14 | 5.75 | 3.97 | 3.97 | — — |29.58 — 
b — 19.4 7.14 | 5.75 | 3.97 | 3.97 | — | — |29.58 — 
e §.75 | 5.75 | 4.14; — | 1.80! 1.80 — | — 6.44 — 
f 3.97 | 3.97 | 2.63 | 1.80 | 0.857, — | — | — |5.73| — 
h 7.32 | 7.32 — | 4.14) 2.82 2.63 1.03 Bas: — 
m — | 1.03 | — | — | 1.37 | 
k — — — — | — | — 11.37; — | — | 0.3890 
a 1.49 | 1.49 | 1.06 | 0.714) 0.834! 0.303) — | — | 2.20} — 

To Ground | 7 0.167; — | 0.080) 0.068 0.068 — | — — | _ 
| | | 
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TaBLE A-1 (CONTINUED)—SUMMARY OF CrRCUIT RESISTANCES AND CAPACITANCES 


Capacitances and Reactances 
Example: Xx» for f = (1/24) hr = 0.0289 


BRANCH | b | d | h | e | c | f | m | k 
| | 
| Capacitance, C, Btu/F 
| | | | 
| 132. | 132. | 276. | 1020. 1020. | 1150. 
| | | 
Capacitance Reactance X 10?, X.* | 
| 
f = 1/24 2.89 | 2.89 1.385) 0.375 0.37510.303 0.332 
f =1/12 1.45 | 1.45 0.693) 0.187) 0.187|0.152 |0.166 
f=1/8 0.965) 0.965 0.461) 0.125} 0.125)0.101 (0.111 
f= 1/6 0.724) 0.724 0 0.937|0.07580 0831) 
*X,= where f = frequency. 


APPENDIX B 


SUPERPOSITION IN LINEAR CIRCUITS 


The procedure of removing the sol-air temperature and glass temperature generators 
from the circuit and connecting the respective branches directly to ground warrants 
further discussion. Note that it is permissible only if the circuit is /inear. The proof 
of this step is as follows: 

Consider point k of Fig. 2 and let the temperatures for Phase A be designated as 
Tx, Tm, etc., and for Phase A plus Phase B as 7,', Ti’, etc. Ground potential in each 
case isthe same, J>. Recall from equation 1 that the current in any branch is a product 
of the admittance of the branch, Y, times the temperature difference. The equations 
for point & are: 


PHASE A 

(Ts — Tx) Yue = (Te — To) Yo, + (Te — Tm) Yam (Bel) 
PHASE A AND PHASE B 

(T. — Tx’) = — To) Yo, + — Tm’) Yum. (B-2) 


For convenience, T, is usually taken as zero potential; thus with terms collected, the 
equations become respectively: 


Ts Tx( Yo, + Yum + Yuu) — Tm Yum (B-3) 


= Te'(Yo, + Yum + Yur) — Tm'Yum . . (B-4) 
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The Phase B component is the difference between these two equations; thus, Equa- 
tion B-4 minus Equation B-3 is: 


= Ty’(Yo, + Yim + You) — Yo, + Yim + Yeux) — Tm’ Yum + TmYim (B-5) 
This can be written: 
0 = ATi(Yc, + Yim + Yau) — ATm(Yuem) (B-6) 
where 
ATm = (Tx’ — Tx), Tm’ — Tm) etc. 


Equation B-6 is the same as is obtained by putting 7, in Equation B-4 at ground 
potential. Then 7,’ would represent an increase in temperature above ground poten- 
tial. In this way, the separate contribution of any load-producing element can be 
obtained. 


APPENDIX C 


APPROXIMATIONS DUE TO MAKING T, INDEPENDENT OF THE THERMAL CIRCUIT 


Recall that T, is connected to g on the inner surface of the glass and that its variation 
throughout the cycle was fixed as a result of calculations made in deriving the 7, values 
from Tables 14 and 21 of Chapter 13 of THE GuipE 1954. The heat gain data in these 
tables were based upon the postulate that both room air and room surface tempera- 
tures remain fixed at 75 F. This is true for the room air but not for the surfaces, as 
Phase A results show. Some adjustments in the Phase B results were therefore made. 

In a practical situation then, the glass temperatures would be greater than the values 
given by the curves of Fig. 5 of the first paper (Reference 1), which were based upon 
both room air and room surfaces remaining constant at 75 F. This is true because the 
glass temperature must be such as to be in equilibrium with both the indoor and out- 
door environments. Indeed, this is one of the points to be demonstrated by circuit 
principles and could have been handled by providing a sol-air temperature generator 
for the glass. Though this could have easily been done for the homogeneous sheet 
glass, the sol-air temperature concept has not yet been successfully applied to glass 
block. Hence, the simplification used in Phase A seemed justified and has been carried 
over to Phase B. 

In order to check the adequacy of thus treating the glass circuit branch, window 
glass temperatures were recomputed. For Phase A, the room surface temperatures 
as found by solving the equations for the Phase A conditions, together with the con- 
stant room air temperature of 75 F, yielded window glass temperatures for Case I 
ranging from zero to 0.4 deg higher than the values actually used in solving the circuit 
equations. Case II differences would be less. These discrepancies were sufficiently 
small that the load current from the glass to point @ and the various room surface 
temperatures and their resultant load currents were judged to be essentially correct 
without adjustments. 

In Phase B, point g was put at ground potential, that is, equal to the room air tem- 
perature, whereas actually it rises under the influence of the other room surfaces, which 
were warmed by the sun, and contributes a load current to point a. This temperature 
rise was taken into account by writing a heat balance on point g. The sum of the net 
radiation currents from the other room surfaces was equated to the thermal currents 
to a from point g and to the outdoors from point g. These thermal currents are in- 
cluded in the results as a small load increment and a heat flow current to the outdoors. 
A very small residual error which remained because of the secondary interaction of the 
glass temperatures with the other surface temperatures was ignored. 
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APPENDIX D 
TABLE D-1—PROPORTIONING—SOLAR RADIATION CURRENTS 
DIRECT OR 
BEAMED RADIATION, QD 
TRANSMITTED 
DirFusE RADIATION, Qa - | FRACTIONAL Cross SECTION OF DiRECT BEAM 
SUN 
TIME 
| ENTERING ROOM EXCLUDED FROM ROOM 
To wall b 0.056 | 5 a.m. 0.694 0.306 
To ceiling c 0.330 | 6 0.268 0.732 
To wall d 0.056 La 0.000 1.000 
To walle 0.264 | : 
To floor f 0.294 | Spm. | 0.000 1.000 
| 6 0.268 0.732 
7 0.694 0.306 


TABLE D-2—HARMONIC COEFFICIENTS OF CURVES OF FIG. 3 


| | Grass BLock— 


Wixpow GLass—CasE I CASE 
| TRANSMITTED DIRECT 
STEADY STATE TRANSMITTED RADIATION ON: TRANSMITTED 
HARMONIC DIFFUSE DIFFUSE 
RADIATION RADIATION 
WALL b WALL d | 

Qa | Qp Qp Qa 

do +505.0 | +16.1 +16.1 +173.0 

1 a | 604.0 | +2.8 | +2.8 —219.0 
by 0 —31.6 +31.6 0 

2 a2 +36.4 —30.4 —30.4 +13.8 
be | 0 —4.6 +4.6 0 

3 a3 +121.0 —6.4 —6.4 | +45.9 
bs 0 +29.2 —29.2 0 

4 as +42.8 +27.0 +27.0 +11.8 
bs 0 +8.0 —8.0 0 

5 as —32.8 | +9.0 +9.0 —22.0 

bs } 0 —24.6 +24.6 

6 ds —30.8 —22.4 —22.4 —10.2 
be 0 —8.8 +8.8 0 

7 a7 +29.02 —9.2 —9.2 +9.0 
0 +19.6 —19.6 0 

8 as | +27.6 +16.8 +16.8 +8.6 
be | 0 +8.8 —8.8 0 

9 a | —9.6 +8.4 +8.4 | —3.0 
by 0 —14.0 +14.0 | 0 

10 aio | —20.0 —11.6 —11.6 —6.2 

0 | 0 -7.2 +7.2 0.0 

| 


Fourier-series expressions of the curves of Fig.3 have the following form: 


Q = ao + ai cos 15 6 + bh sin 15 6 + a2 cos 30 6 + be sin 30 6 + ascos 45 6 
+ bssin 45 6+ ..., Btu per hour 
where 
@ = elapsed time in hours after midnight, suntime 15 6, 30 6, 45 @, etc., are equivalent angu- 
lar degrees for first, second, third harmonics respectively. 

ao = 24hr. mean value. 
a1, G2, 43, etc. = coefficients of cosine terms for first, second, third, etc., harmonics. 
bi, be, 63, etc. = coefficients of sine terms for first, second, third, etc., harmonics. 


Note: The corresponding vector notation for each harmonic = a — jb. 
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DISCUSSION 


S. F. GILMAN, (Syracuse, N. Y.): This is another excellent paper from the ASHAE 
Laboratory and is of great interest to those concerned with load estimating. 

I would like to point out that although the procedure may appear quite involved, it 
can be reduced to routine, simple calculations. [xpressing inputs as Fourier series is 
easily accomplished by filling in a table with a set of given numerical values, and then 
performing only arithmetical operations. For studies in which the room temperature 
is held constant, as is the case in this paper, the equations that result have a very orderly 
pattern. The matrix of the coefficients is symmetrical about the principal diagonal; 
hence, cross-diagonal values are easily checked for the same magnitude, sign and posi- 
tion in the matrix. Moreover, values along the diagonal are resistances and appear in 
sets of two, which differ only in sign. Capacitances take positions around the diagonal 
and are all preceded by a minus sign. It is therefore evident that signs and positions 
are easily checked for correctness. In fact, after setting up a few problems, the pattern 
is such that an entire set of equations can be formulated in a very few minutes. 

The next step is to solve the resultant system of m linear equations in m unknowns. 
The laboratory used a special computing machine. This is very fast and convenient, 
but is not absolutely essential. For a thermal circuit of our residential test facility 
involving the roof and four walls, we obtained a set of 20 equations. These were solved 
by the so-called ‘‘relaxation method” in eight hours with the type of electric calculating 
machine widely used in business offices. I should mention that the computations were 
made in our computer section by an experienced operator. 

A set of 28 equations were solved by an automatic computer at about the same cost. 
Economically, we have found little difference between manual and automatic computer 
solutions. Therefore, anyone interested in thermal circuit analysis should not feel 
that an electronic computer is absolutely necessary for conducting such work. 

| would like the authors’ opinions on some of the assumptions. The first is that 
the transmitted portion of the diffuse radiation emanated uniformly from the glass 
surface. I fully realize that we don’t know the answer exactly, but the opinion of the 
authors as to how close they feel this assumption may be to reality would be helpful. 
The same applies to the assumption that the room surfaces completely absorbed the 
solar radiation incident upon them. 

Of great practical importance is the case of a venetian blind with slats set 45 degrees 
upwards. Starting with a sol-air temperature, would the authors outline the circuit 
setup and give estimates of the amounts of radiation absorbed and reflected by the 
slots. Would the blind tend to distribute more radiation on the ceiling and floor, and 
less on the walls 

The possibility of additional thermal storage effect by allowing the room temperature 
to rise is pointed out in the paper. This is an important topic for research. A rise 
in room temperature of as little as three degrees can conceivably provide as much or 
more thermal storage than that obtained from radiation effects. This condition is 
handled by letting the room temperature remain as a variable in the equations. From 
the solution is obtained the temperature rise and the time that it reaches a maximum. 
However, the case of varying room temperature is considerably more difficult to handle 
with the thermal circuit technique, especially if interior furnishings are considered. 
Moreover, when the room temperature is allowed to rise, the flow of heat into the walls, 
and partitions is governed primarily by the convection component of the surface con- 
ductance coefficient—and values for different surfaces in air conditioned spaces can 
only be crudely estimated. The importance of accelerating research in this direction 
cannot be overemphasized. In addition, the time has come to begin a field study to 
relate thermal circuit solutions to actual equipment operation. That such a field study 
will require precise instrumentation and careful analysis is borne out by Fig. 6, which 
shows surface temperature variations of less than three degrees. Accurate evaluation 
of these will be very difficult. Simple structures in which conditions can be accurately 
controlled and measured should evidently be attacked first. 
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As a final comment, it is hoped that both the analytical and experimental phases of 
this project can be accelerated. It is a difficult problem, but the results can provide 
much valuable information. 


AuTHor’s CLosure (G. V. Parmelee): A major purpose of the activities in thermal- 
circuit analyses at the ASHAE Research Laboratory is to bring forth principles and 
methods for application by others. We are warmly pleased to commend the exten- 
sions and applications which have been made by the industry. 

Indeed, our major concern at present is how best to expedite application, wherein 
the development of broad experience, and the sharing of this experience, can lead to 
savings in time and money for all of the many problems which are amenable to circuit 
treatment. Analyses of periodic heating and cooling loads are only one type of problem, 
The broad plans include, in addition to these, the following: 


. Analysis of transient and aperiodic phenomena. 

. Automatic controls, components and systems. 

. Equipment characteristics in time-variable operation. 

. Source characteristics in time-variable operation. This includes the human 
body and a correlation with comfort. 

. Moisture-transfer systems, all aspects. 

. Evaluation of the money, time, results, reasonable-simplification, and accuracy 
aspects of circuit or system analyses. 

. Extension to non-linear systems. 

Analysis of operating schedules and economics. 

. Ultimately, when and if justified, an analysis center for circuit problems and 
the producing of practical calculation tables and charts,—to be operated by the 
ASHAE Research Laboratory for the benefit of the entire profession. 


oon aw 


To complete the picture, the development of thermal circuit techniques was proposed 
in the ASHAE program back in 1946. The long initial lag in starting this activity 
was primarily the result of inadequate supporting interest. 

This background material has been introduced as a broad reply to that portion of Mr. 
Gilman's comments which deals with the general program, rather than with the present 
particular paper. 

1. Numerical Calculations: We agree with the inherent simplicity of numerical meth- 
ods. Part I of our work pointed this out. 

The computing machine which we used was a standard model for solving simultaneous 
equations. 

2. Assumptions: (a) Uniform emission of transmitted diffuse radiation. This was 
adopted as a simple first approximation, which we felt to be compatible with the demon- 
strative purpose of our work and with the relatively gross assumption covering the 
radiation input function. If anyone has reliable better data at hand, the assumption 
can be improved. (b) Complete absorption by room surfaces. We have set up cir- 
cuits involving inter-reflections, and these really are not too difficult. For present 
purposes, however, nothing was to be gained from such a refinement. 

3. Venetian Blinds; This topic is beyond the scope of the present paper,—as are all 
shading devices. The venetian blind problem has been analyzed, however, in other 
work without undue difficulty. 

4. Variable Room Air Temperature: Treatment of variable room air temperature is 
merely another step in the general method which we have set forth. This problem also 
has been studied, but it is beyond the scope of the present paper. 

5. Needed Additional Research: The planned general program includes the topics 
mentioned,—and more too. Accomplishment is largely dependent upon the nature 
and magnitude of the supporting interest. 

A considerable amount of the work presently being done in the ASHAE Environment 
Laboratory will provide data on resistances and capacitances for the room portion of a 
thermal circuit. 

The UCLA cooperative project will show a comparison of circuit solutions with 
test results. 
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GAS IS AN IMPORTANT FACTOR IN THE THERMAL 
CONDUCTIVITY OF MOST INSULATING MATERIALS+ 


Part II* 
By R. M. LANDER**, MINNEAPOLIS, MINN. 


HE THERMAL conductivity of insulating materials is dependent upon four 

modes of heat transfer: gas conduction, convection, radiation, and solid con- 
duction. Although the general principles relating to each of these modes of heat 
transfer are fairly well understood, their combined effect on heat transfer through 
insulating materials is very complicated. Since insulating materials are com- 
posed largely of gas, the mechanism of heat transfer through the gas has an im- 
portant influence on the overall conductivity coefficient. 

The thermal conductivity of gases increases with temperature and in general 
decreases as the molecular weight is increased. The conductivity of gases is in- 
dependent of pressure from one atmosphere down to moderately low pressures. 
Convection in insulating materials is a complex process and depends upon the 
prevailing temperature, pressure and kind of ambient™ gas, and the density, di- 
mensions, and orientation of the insulation specimen. The experimental method 
used in this investigation does not directly differentiate between gas conduction 
and convection, and the term gas transferred heat will be used to designate the 
total heat transferred by the gas within the insulating material. 

Heat transferred by radiation through the gas spaces of insulating materials is 


Tt This paper covers a part of the results of a research program conducted by the Engineering Experiment 
Station and supported in part by the Graduate School, University of Minnesota. 


* Part I of this paper appeared in ASHVE TRANSACTIONS, Vol. 58, 1952, p. 155. 
** Research Fellow University of Minnesota. 
0) Ambient gas is the gas occupying the volume not filled by the solid portion of the insulating material. 


Presented at the 61st Annual Mecting of THE AMERICAN SocIETY OF HEATING AND AIR-CONDITIONING 
ENGINEERS, Philadelphia, January 1955. 
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independent of the ambient gas. When the percent volume occupied by the solid 
is small, heat transferred by radiation is approximately inversely proportional to 
insulation density and varies directly as the cube of the mean temperature. In 
some cases, the transparency of solid material to radiation is also a function of 
mean temperature. 


Fic. 1. APPARATUS ASSEMBLED IN POSITION FOR TEST 
SHOWING EXTERIOR OF STEEL VACUUM CHAMBER A 


The introduction of a solid material into a gas-filled space ordinarily reduces 
heat transfer by means of radiation and convection but increases gas transferred 
heat. This increase in gas transferred heat arises from the displacement of the 
gas with material of a higher conductivity and by an increase in the heat transfer 
area between the solid and ambient gas. 

The heat transferred through the solid portion of the insulation depends upon 
the kind of material and the arrangement and size of the fibers or particles. Divi- 
sion of a solid material into a finely divided state can reduce the conductivity to a 
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value lower than that of still air, by reducing the heat patht below the mean free 
path of the gas molecules. For large volume ratios of gas to solid material, solid 
conduction is approximately proportional to density. 


Suspended thermal 
conductivity apparatus 
Steel bell jar 

Bell jar base plate 
Neoprene vacuum seal 
Sheet metal container 

Fill insulation 

1%-in. pressed fiberboard 
Corkboard 

34-in. plywood 

4%-in. sponge rubber 
Vacuum gage connection 
Diffusion pump connection 
Clamping screws 

Liquid lines to cold plate 
Thermocouple connectoins 
Electric power connections 


> 


cue 


Fic. 2. DIAGRAMMATIC SKETCH OF 
VacuuM CHAMBER AND GUARDED 
Hot PLATE APPARATUS 


Recent papers''? have shown that the major mode of heat transfer through 
most insulating materials is by gas transferred heat. Laboratory determination 
of this quantity is arrived at by difference, subtracting the conductivity obtained 
with gas extracted from that obtained with gas present. This research paper 


t Heat path is defined as the mean distance across confining spaces in an insulating material. 
' Exponent numerals refer to References. 
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describes the investigation of the reduction in thermal conductivity of some common 
insulating materials by replacing the ambient air with gases of larger molecular 
weight. Experimental data will be presented for several materials showing the 
relative importance of heat transferred by radiation and by conduction through 
the solid material. 


DESCRIPTION OF APPARATUS 


The apparatus used in this investigation is shown in Figs. 1 and 2. Fig. 1 shows 
the assembled apparatus with the insulated bell jar lowered over the conductivity 
apparatus in position for test. The mechanical fore pump and oil diffusion pump 
for evacuating the vacuum chamber to an ultimate vacuum of 0.1 micron of mer- 
cury are shown underneath the table. At the left next to the wall is a vacuum 
gage and the constant-temperature alcohol bath, which supplies the cold plates 
with alcohol at any temperature between 100 F and —75 F. A five-ton mono- 
chlorodifluoromethane (F-22) condensing unit, not shown, provides the necessary 
refrigerating capacity. 

Fig. 2 is a diagrammatic sketch of the pertinent details of the apparatus. A 
neoprene gasket is used to seal the bell jar to the base plate. All thermocouple 
leads, electric power leads, liquid lines for the cold plates, gage connections and 
vacuum pump connections are brought through vacuum-tight seals in the base 
plate. 

The 12-in. suspended guarded hot plate contained within the bell jar was built 
on the same principle as previously developed at this laboratory with some re- 
finements to adapt it to the special program. The actual test area is 8 in. square 
with a 2-in. guard ring. 

Auxiliary equipment consists of de power supply, switchboard, precision po- 
tentiometer, and sensitive temperature controllers. 


PROCEDURE 


In making thermal conductivity determinations on materials at atmospheric 
pressure with gases other than air, the pressure in the vacuum chamber is reduced 
to the limiting pressure of the fore pump (about 5 microns of mercury) and the 
chamber is then filled with the gas under study. Mixtures of gases are obtained 
by filling the vacuum chamber to the partial pressure required to give the desired 
proportions by volume. 

All materials were tested at the highest obtainable vacuum (about 0.1 micron 
of mercury absolute pressure) in order to reduce gas transferred heat to a minimum. 
All tests were conducted with a 50 deg temperature difference across the test speci- 
men and at a mean temperature of 100 F, except as noted. 


MATERIALS TESTED 


Because of the large amount of time required to make precise thermal conduc- 
tivity measurements, initial tests were limited to a relatively few materials whose 
characteristics were representative of the major classes of insulating materials. 
The materials selected for test were corkboard, cotton, glass wool, hair felt, kapok, 
mineral wool, silica aerogel, wood fiber, and wood fiberboard. In addition to 
these, a special test specimen was constructed by using eight sheets of aluminum 
foil between nine sheets of corrugated paper, the corrugations of alternate layers 
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being at right angles to each other. Air spaces varying in width from 14 in. to 
1 in. and bounded by the copper plates of the test apparatus were also tested. 
Corkboard and wood fiberboard were oven dried before testing. In the test 
they were clamped between the plates and the thickness of the specimen was 
measured as set up for test. All loose and flexible materials were tested on an as 
received basis, the proper thicknesses being maintained by wood frames around 
the specimen edges or by special space blocks placed in the corners of the test 


TABLE 2—EFFECT OF REDUCING THE GAS PRESSURE ON THE THERMAL CONDUCT- 
ANCE OF COPPER BOUNDED SPACES FILLED WITH VARIOUS GASES 
(100 F Mean Temperature and 50 Deg Temperature Difference) 


0.990-IN. Gas SPACE 


CARBON 
AIR DIOXIDE F-12 
P a P a P a 
29.3 0.581 28.7 0.552 28.9 0.604 
19.8 0.490 18.9 0.472 20.0 0.514 
10.0 0.375 8.7 0.355 9.8 0.399 
0.5 0.333 0.5 0.277 1.0 0.247 
0.251-IN. GAS SPACE 
CARBON 
AIR DIOXIDE F-12 
P a P P a 
29.3 0.882 29.5 0.652 28.8 0.643 
19.3 0.883 18.7 0.635 18.5 0.500 
8.9 0.882 8.6 0.634 8.8 0.458 
0.5 0.891 0.55 0.634 6.5 0.445 


P = Pressure, inches mercury. , 
a = Conductance, Btu per (square foot) (hour) (Fahrenheit degree). 


specimen. In order to get a good test sample, the kapok and loose wood fiber 
materials were repacked. The other samples were tested without repacking. 


Test RESULTS 


Table 1 lists thermal conductivity values obtained for the insulating materials 
selected for test, using three different ambient gases. The reduction in thermal 
conductivity using carbon dioxide instead of air ranges from 18 to 31 percent and 
by using dichlorodifluoromethane (F-12) from 28 to 56 percent. 

Consideration of the gas transferred heat alone, as removed from that trans- 
ferred by radiation and solid conduction, gives a better understanding of the ambi- 
ent gas effect. The percent reduction in gas transferred heat using carbon dioxide 
instead of air is from 26 to 34 percent and for F-12 is from 33 to 60 percent. 
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Fic. 3. THERMAL CONDUCTANCE OF 
14-1n. GAS SPACE AS A FUNCTION OF 
Various AMBIENT GASES AND PAR- 
TIAL ATMOSPHERIC PRESSURES 


Air transferred heat for the three fibrous materials, cotton, glass wool ‘A’, 
and kapok, is greatest for the low insulation densities, declines to a minimum for 
the medium insulation densities and then increases again as density is raised to a 
high level. The high rate of air transferred heat for the low densities may be at- 
tributed to convection. Since the conductivity of all three materials with the air 
removed continued to decrease with increasing density, the increasing rate of air 
transferred heat for the high density materials must be due to bypassing of heat 
by increasing the transfer area between solid aid ambient gas. 

Low density corkboard exhibited next to the lowest rate of air transferred heat 
but had the highest rate of solid conduction. This explains the reported low con- 
ductivity value of expanded corkboard. The very low rate of gas transferred heat 
shown by silica aerogel, the single material having a rate less than that of low 
density corkboard, may be attributed to its finely divided state. 

Thermal conductivity values for 14 in. and 1 in. wide gas spaces filled with 
air, carbon dioxide, and F-12 at various pressures are listed in Table 2, and illus- 


| | | @.990° Gas Pace 


CONDUCTANCE, 


TION 


| = 
2 « 22 24 

assowute “cas of mencuny 
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trated in Figs. 3 and 4. Kinetic theory predicts that the conductance of these 
gas spaces should be independent of gas pressure, providing heat transfer by con- 
vection is negligible. Deviation from this prediction for the 1-in. gas space shows 


TABLE 3—REDUCTION IN THERMAL CONDUCTIVITY OF SEVERAL MATERIALS BY 
PARTIALLY REPLACING THE AIR WITH GASES OF HIGHER MOLECULAR WEIGHT 


(100 F Mean Temperature) 


THERMAL Conpbuctivity, k 

PERCENT 

oF Gas Kapok, 0.26 LB/cu FT Grass Woot “A” IN F-12 
IN AIR 

CARBON DIOXIDE | F-12 0.58 LB/cu FT | 3.8 tB/cu FT 

0 0.361 | 0.361 0.250 | 0.211 

25 0.346 0.307 0.202 0.162 

50 0.324 | 0.270 0.170 0.131 

0.309 0.247 0.148 0.109 

100 0.292 0.228 0.133 | 0.093 


that convection is an important mode of heat transfer for all three gases over the 
entire pressure range. The results for the 14-in. gas space show that convection 
is negligible throughout the range of test pressures when the space is filled with air. 
With carbon dioxide, convection subsides at a very moderate reduction in pressure, 
while with F-12, a large reduction in pressure occurs before convection subsides. 
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The conductances of the 14-in. gas spaces as derived from Fig. 3 for a condition 
of no heat transfer by free convection are 0.882, 0.634 and 0.445 for air, carbon 
dioxide, and F-12 respectively. The gas conducted heat quantities for the three 
gases are 0.732, 0.484, and 0.295 respectively as determined by subtracting the 
heat transferred by radiation (0.150) from the previous values. Thus, the reduc- 
tion in gas transferred heat obtained by substitution of carbon dioxide for air is 
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34 percent, and by substitution of F-12 for air is 60 percent. These percentages 
are identical to the maximum reduction in gas transferred heat for the insulating 
materials as given in Table 1, and indicate that heat transfer by convection in 
these materials is a small factor, except for low density kapok. 


Results of tests to determine the effect of various mixtures of gas in air on the 
thermal conductivity of kapok and fine glass wool are listed in Table 3, and il- 
lustrated in Figs. 5 and 6. The conductivity of kapok varies linearly with the 
percent of carbon dioxide present in the air mixture. Results obtained for mix- 
tures of F-12 and air show that F-12 is the predominating gas and gives a greater 
percentage reduction in conductivity than represented by the percent of F-12 


present. 
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Results of tests to determine the effect of mean temperature on the conductivity 
of glass wool “A”’ and fiberboard are listed in Table 4, and illustrated in Figs. 7 
and 8. Table 4 shows that the percent of gas transferred heat increases as the 
mean temperature is reduced. 


TABLE 5—CALCULATED Mopres OF HEAT TRANSFER FOR THREE DENSITIES OF 
Grass Woot “A” VARIOUS AMBIENT GASES 


PercENt HEAT TRANSFERRED 


AMBIENT | MEAN (.58 LB/cU FT 1.94 LB/cu FT 3.80 tB/cu FT 


G.T.H* Rap Fiser G.T.H.*! Rap FIBER | G.T.H.* | Rap FIBER 


100; 80.4 19.3) 0.3) 91.1 8.2; 0.7 | 94.3 
50| 83.5] 16.3/ 0.2] 92.8! 6.4|0.8| 95.8 | 1.3 
Air 0| 86.6] 94.0) 5.1| 0.9 | 96.3 2.3 | 1.4 
—50| 89.1] 10.7! 0.2] 95.2} 4.2] 0.6] 97.1 1.6 | 1.3 
100 | 73.2| 26.4/0.4, 87.3) 11.7/1.0| 91.8 | 5.8| 2.4 
Carbon 50| 76.9| 22.8/0.3| 89.2} 9.6/1.2] 93.7 | 4.3] 2.0 
Dioxide 0} 80.2) 19.5| 0.3) 90.7) 8.0, 1.3| 94.1 3.6] 2.3 
—50 83.2 | 16.5} 0.3 92.1, 6.8/1.1] 95.3 | 2.1] 2.6 
| 100| 63.2) 36.3/0.5| 80.7| 17.8) 1.5| 87.4 | 9.0] 3.6 
FA2 50 | 66.8 | 32.8) 0.4 | 83. | 14.7) 1.8) 90.3 6.7 | 3.0 


® Gas Transferred Heat. 
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Figs. 9 and 10 show that the calculated gas transferred heat for glass wool and 
fiberboard is a linear function of mean temperature. In making these calculations 
for glass wool, the gas transferred heat was corrected for the volume occupied 
by the fibers, which amounts to about 2.5 percent for the highest density glass 
wool. The generally accepted value for the conductivity of still air is plotted 
for reference and is about 3 percent lower than the corresponding value of glass 
wool in air, thus indicating that convection is negligible. 

The curves of Fig. 7 show that the conductivity of glass wool is decreased by 
increasing its density and that the amount of decrease is nearly independent of 
the ambient gas. The lower group of curves, developed under a test condition of 
very low pressure, gives the resulting heat transfer due to radiation and fiber 
conduction, since gas transferred heat is practically eliminated at these low pres- 
sures. 

In Figs. 11 and 12, radiation has been separated from fiber conduction for the 
fibrous materials, cotton, glass wool ‘‘A’’, kapok, and wood wool, by considering 
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radiation approximately inversely proportional to density and fiber conduction 
directly proportional to density. These figures show that for practical insulation 
densities, radiation is an important mode of heat transfer for all four materials, 
whereas heat transfer by fiber conduction is negligible. 

Calculated values of heat transfer for glass wool with various ambient gases 
are given in Table 5. Fiber conduction is negligible for all test conditions. Heat 
transfer by radiation can be an important percentage of the total heat transfer, 
depending upon insulation density, ambient gas, and mean temperature. De- 
creasing the mean temperature increases the percent of gas transferred heat be- 
cause radiation varies as the cube of the mean temperature, whereas gas transferred 
heat varies linearly with mean temperature. 

Since the relationship between conductivity and mean temperature for fiber- 
board is linear, heat transferred by radiation for this type of material is small. 
A comparison of the air transferred heat values for fiberboard and glass wool listed 
in Table 4 shows that air transferred heat is much greater for the fiberboard. This 
again is attributed to the increased heat transfer area between the solid and ambient 
gas. 

Since gas transferred heat is the major mode of heat transfer in insulating mate- 
rials at moderate mean temperatures, the reduction of this factor presents the 
greatest possibility for reducing the thermal conductivity of materials. For special 
applications, gas transferred heat may be reduced by using gases of low conduc- 
tivity or by evacuating the gas from the material. 

The principle of reducing gas transferred heat by making the length of heat 
path of the same order of magnitude or smaller than the mean free path of the 
gas molecules has been demonstrated by a number of investigators. A typical 
powder utilizing this principle and having a conductivity lower than that of still 
air at 100 F mean temperature and atmospheric pressure is silica aerogel. In 
order for present day fibrous materials to utilize this principle, the voids must be 
greatly reduced in size by decreasing the fiber diameter and perhaps by increasing 
the insulation density. 

For all but one of the materials tested, convection contributed very little to the 
total heat transferred. This indication of the relatively insignificant effect of 
convection cannot be accepted for direct application to the practical case, since the 
isothermal surface temperature of the test specimen and its small size tended to 
minimize heat transfer by convection. However, it is safe to assume that the 
effect of convection will not reach important proportions except in the case of large 
volumes of low density materials. 

Considerable heat may be transferred by radiation in low density fibrous mate- 
rials at 100 F mean temperature. The percent heat transferred by radiation in- 
creases rapidly with mean temperature and conversely may become negligible at 
low mean temperatures. Radiation may be reduced by increasing the insulation 
density, opacifying the fibers, or coating the fibers with a reflective material. 

For common fibrous insulation densities, conduction of heat along the fibers or 
by fiber contact contributed less than 2 percent to the total heat transferred through 
the materials tested. The practicability of increasing the insulation density for 
the purpose of reducing radiation or length of heat path is limited by the increase 
in fiber conduction and gas transferred heat. 

Originally it was intended that this investigation into the modes of heat transfer 
be continued to cover a greater number of insulating materials over a much larger 
range of mean temperatures and with greater concentration placed on heat transfer 
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by means of convection and radiation. This program has been interrupted by the 
total loss of equipment in the destruction by fire of the Oak Street Laboratory of 
the University of Minnesota in early 1953. 
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DISCUSSION 


R. S. Dit, Washington, D. C., (WRITTEN): The phenomenon, the main theme of 
this paper, is not surprising. That gases of higher molecular weight transfer less heat 
across spaces is well known. The author is to be commended for forcibly bringing 
the phenomenon to the attention of the profession and for furnishing quantitative data 
on the effect of substituting heavier gases for air in the interstices of common insulating 
materials. This has practical possibilities although some obstacles must be overcome 
to effect its application. 

As shown in the tables the thickness of insulation required to attain a specified con- 
ductivity can be reduced by roughly one-half if, sav, F-12 is substituted for air in some 
insulations. In addition, if the gas is dry the danger of internal-wall condensation is 
avoided. In effect the gas is used to expel the air with its accompanying water vapor 
from the wall. Obviously there are two ways to do this. One is to connect a source 
of F-12 to the space containing the insulation and to regulate the flow of gas to this 
space just fast enough to overcome any leaks. The other way is to hermetically seal 
the walls containing the insulation to retain the gas with which the space is initially 
charged. Then either the walls must be strong enough to withstand pressure varia- 
tions or some expansion means such as a bellows, a diaphragm or a balloon must be 
provided to permit volume changes due to variations in barometric pressure or tem- 
perature. 

I surmise that these suggestions have occurred to the author and his consultants also 
and I would like to hear their conclusions concerning the possibilities. 

Obviously in the last analysis the utility of the idea must rest on the economics of 
manufacture or construction of heated or refrigerated enclosures. However, the idea 
is interesting both from the technical and practical standpoints and merits further 
exploration in my opinion. 


_C. F, Kayan, New York, N. Y., (WRITTEN): This paper represents a nice contribu- 
tion to the further understanding of the mechanisms of heat transfer in insulation. As 
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a matter of interpretation, certain questions arise, for which the author could con- 
tribute answers: 

1. Does the author mean increase in gas transferred heat when he refers to the intro- 
duction of a solid material into a gas-filled space? This is equivalent to increasing the 
density of the material, and as a result, less heat will be transferred by the gas than by 
solid conduction, since in the limit in a solid material no heat will be transferred by 
gas conduction. 

2. What would be the effect of using a smaller temperature difference on the con- 
ductance values of F-12 varying with pressure? Since convection seems to play a 
large role in the change of the conductance of F-12 with pressure, perhaps a different 
temperature difference would change this value. 


W. A. Dantecson, Raleigh, Tenn., (WRITTEN): The paper makes no mention of 
surface conduction of the individual spaces within the insulating material. The heat 
must be transferred from solid material to the gas, across the gas space, then from gas 
to the solid. With fibrous material the space shape is different from that of cork. 
While the gas spaces are smaller and consequently with surfaces less than ordinarily 
dealt with in calculating U, it does not seem reasonable that this factor can be neglected 
in research as accurately made and as carefully analyzed as is done in this paper. The 
authors no doubt can clarify this point. 

It would seem logical that there should be greater conductance in gas with heavier 
molecules as the space filled by these would have a greater density. In solids more 
dense materials usually have a greater conductance. The authors’ theoretical explana- 
tion of this condition would be interesting. 


B. M. PALMER,* Newark, Ohio: I, too would like to congratulate the author for adding 
more of what I consider very good and practical information to the record. 

I was quite interested in this paper because for a period of several years we, too, 
have run data primarily on fibrous insulation of a similar nature and I would say that 
we have good agreement, and it always makes you feel good when somebody agrees 
with your data. 

I would say that the dilution data between the F-12 and air shows very good agree- 
meiit. 

I would suggest three points for consideration by the author. One: in presenting 
the reduction in k, when we replace air with F-12 or COs, it was shown as a percentage 
figure. I think it is quite interesting and will give a good rule of thumb if instead of 
doing that one would subtract and determine what the exact difference is. It will be 
found that on the one material shown, (take the sample A) from air to F-12 gave an 
e:act amount of drop in each case. So if one knows what an insulation does in air 
and substracts a rule-of-thumb figure which is representative of the difference in still 
air or still gas conduction, the book value in each case, the result is a good rule-of- 
thumb figure for a typical fibrous insulation. 

If this is done one thing will be noticed, though, that in the coarser fibred material 
where convection is greatest at low densities, this data says that replacing with CO2 
or I-12 decreases that convection. 

The second point—(this is not in criticism, it is just a comment)—at higher density 
we attribute an increase in conduction due to the increased area between solid and 
ambient gas and I| say that appears applicable. 

However, in our experience with fibrous material we have yet to get a crossover at 
higher densities, and by that I mean that even at higher densities where fibres present 
a tremendous amount of area, our data has always shown a better k with a lower fibre 
diameter. Practically, that is what it means. 


* Owens-Corning Fiberglas Corp. 
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In the third point, the approach of subtracting vacuum plate data from the standard 
air hot-plate data to obtain a gas transfer heat value is very good in understanding 
the problem, but my background for the past several years has been in research and if 
I switch over to that point of view for a minute I wonder if we dare assume that radia- 
tion and fibre conduction are exactly the same whether we have a gas in there or whether 
we don’t. 

I am wondering if the curve of temperature through an insulation isn’t changed when 
the conduction phase is present and if that is true could not the radiation factor be 
modified some there? 

| think most people are apt to do what I have done in reading the paper, and that is 
take our vacuum data, look up in the tables what still air conductivity is, then subtract, 
and what is left over we say is convection or this bypassing factor; and I say the fallacy 
there is that we make it rough on our data. 

We have accumulated all our errors into one place or if any of our assumptions are 
incorrect. 

Again I say I agree emphatically with all of your conclusions. These are just minor 
points for consideration. 


AuTHor’s CLosureE: I can add little to the observations of Mr. Dill regarding the 
difficulty of hermetically sealing an insulating material in an enclosure such as the walls 
of a domestic refrigerator, but I have no doubt that this difficult problem will be sur- 
mounted. One solution to the problem of the distortion of flimsy side walls, due to 
pressure changes, is to charge the system with a heavy gas such that the walls will 
always be subject to a slight external pressure, the walls being prevented from col- 
lapsing by the compressive strength of the insulation. This method would also be 
applicable to a completely evacuated system, but the problem of maintaining a good 
vacuum in a sealed container is much more difficult than sealing in a gas at reduced 
pressure. A continually evacuated system might be economically feasible for an 
application in which space is at a premium while the heavy gas idea might be more 
applicable to small portable enclosures. These are just a few of the many possibilities. 

As regards the first question of Professor Kayan, I was thinking in terms of adding 
the solid material to the gas-filled space in planes normal to the heat path, which is the 
most effective manner of reducing the heat transfer. This would decrease the length 
of heat path through the gas, thereby increasing the gas transferred heat. If, on the 
other hand, the solid material is added as elements parallel to the heat path, the gas 
transferred heat will be decreased in proportion to the reduced volume of the gas. I 
have no doubt that the conductance of the gas spaces filled with F-12 at varying pres- 
sures would, in most cases, be a function of temperature difference. This might also 
be the case for some of the materials such as low density kapok. Some of this research 
was in progress at the time the equipment was destroyed. 

Referring to the discussion of Mr. Danielson, the three modes of heat transfer apply 
equally well to the surface conductance of small air spaces as well as the more familiar 
surface coefficients for walls. For walls, convection accounts for a considerable portion 
of the coefficient, whereas this factor is greatly reduced for small air spaces. Increasing 
the density of such solids as wood or concrete increases the thermal conductivity because 
the volume of air voids is reduced. Gases of higher molecular weight have a lower con- 
ductivity because the molecules move at a much lower velocity than the molecules of 
gases having a low molecular weight. 

I am also gratified that the research work of the laboratories of Mr. Palmer and the 
University of Minnesota are in such good agreement. The first suggestion of Mr. 
Palmer and the deduction of the reduction in convection by replacing air in low density 
materials with heavy gases is very good. It should be kept in mind however, that the 
difference in thermal conductivity values increases as the fiber volume is increased. 
In regard to Mr. Palmer’s third point, evacuation of the insulation would alter the 
temperature of the individual fibers somewhat because the primary mode of air trans- 
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ferred heat would be eliminated. It seems to me that the average temperature gradient 
through the insulation would remain about the same for the two conditions. 

In conclusion I would like to say that this paper was intended to cover only a part 
of the research program into the mechanism of heat transfer in insulation. Many 
points, including those made by the discussers, need clarification and I am confident 
that experimental research will clarify many of these problems. 
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SELECTION OF OUTSIDE DESIGN TEMPERATURE FOR 
HEAT LOAD ESTIMATION 


By M. L. Guai* anp R. SuNDARAM**, NEW DELHI, INDIA 


HE FIRST step in the air conditioning of a building is to estimate its heating 

or cooling load. Since this is an important basic step, several methods have 
been developed in the past few decades to improve the accuracy with which the 
heating or cooling load of a building can be predicted. This paper is devoted to 
the development of a rational, accurate, and yet simple method for the determina- 
tion of the heat transmitted through barriers due to difference in outside and inside 
air temperatures. 

This transmitted heat is generally estimated from the simple equation 


UA (to ti). 
where 


U = the coefficient of heat transmission. 
ti inside constant temperature, Fahrenheit. 
t. = outside temperature, Fahrenheit. 


It is evident that the outside temperature, or the outside design temperature as 
it is sometimes called, should be selected carefully so that Equation 1 will give the 
true heat transmission. 

Before presenting the proposed method for selecting the outside temperature for 
use in Equation 1, it may be desirable to review briefly the basic factors which 
determine heat transfer through the building barriers. 


Factors DETERMINING MAximuM HEAT TRANSMISSION 


Equation 1 for steady-state heat transfer is used in practice because of its 
simplicity. It does not represent the true condition because the actual heat 
transfer is non-steady due to varying outside temperature. Asa result, the extent 
to which the outside temperature affects the cooling load of a barrier depends not 
on'y on the U factor (transmittance) of the barrier but also on the characteristics 
of the building materials. 

Consider, for instance, two walls each having a U value of 0.42: (1) an 18-in. 
thick concrete wall and (2) a 1.26-in. thick wood wall. Both are exposed on the 


* Assistant Director and Head of the Heat and Power Division, National Physical Laboratory of India. 
Now Director of Research and Development, Bush Manufacturing Co., Hartford, Conn. 

** Scientific Assistant, Heat and Power Division. National Physical Laboratory. 

Presented at the 61st Annual Meeting of THE AMERICAN SOCIETY OF HEATING AND AIR-CONDITIONING 
ENGINEERS, Philadelphia, January 1955. 
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outside to the temperature variation of Fig. 1, diagram (a), and on the inside to a 
constant temperature of 75 F. Fig. 2 gives the temperature distribution in the 
walls at three instants: when the outside temperature is maximum, when it is 
minimum, and when the heat flow to the inside is maximum. The slope of the 
temperature curves at the inner surface gives the heat flow to the inside, as shown 
in Fig. 1, diagram (b). The curves illustrate two well-known facts: (1) the maxi- 
mum heat flow to the inside does not take place at the time when the outside 
temperature is maximum, but instead lags behind the outside temperature. The 
time lag for the concrete wall is larger. The outside maximum temperatures 
lasting for a short duration are, therefore, of less importance in the concrete wall 
and (2) the maximum heat transmittance is less for the concrete wall, even though 
the U value for the two walls and the outside weather conditions are the same. 
According to Equation 1, it would be concluded that two walls having the same U 
value and exposed to the same outside environment would have equal heat load. 

It is thus necessary in developing a rational procedure for estimating heat load 
to take into account (1) the local weather conditions and (2) the characteristics of 
building materials and construction. 


PRESENT METHODS 


The basis of the recently used methods is summarized in the section on design 
outdoor conditions in the HEATING, VENTILATING, AIR CONDITIONING GUIDE 1954 
as follows: The-e are no hard and fast rules for selecting the design outdoor weather 
conditions to be used for a given locality or type of building or heating system, and the 
selection is to some extent a matter of judgment and experience. 

For estimating heating load, it has been recommended by the ASHAE Technical 
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Advisory Committee on Weather Design Conditions that the outside design 
temperature be the temperature equalled or exceeded during 971% percent of the 
hours in December, January, February and March for the period of record. The 
recommendation for the cooling load estimate by the same committee is that the 
outside design temperature should be the maximum hourly temperature which has 
been equalled or exceeded 21% percent of the total hours of June, July, August 
and September, for the period of record. 

A common feature of the methods used at present is that the outside design 
temperature is fixed on the basis of the local weather data only, and consequently 
systems for all buildings in a particular locality are designed on the basis of the 
same outside temperature, irrespective of the variation in the characteristics of 
the building materials or construction. By excluding temperatures lasting for less 
than three hours or temperatures which have not been equalled or exceeded 214 
percent of the total hours, some consideration is given to the fact that the tempera- 
tures lasting for a short duration do not have their full effect on the building (since 
it takes time for the heat to penetrate the barrier). It is evident, however, that 
different buildings would be affected differently. 

Analytical equations are available for precise calculation of the periodic heat 
flow through barriers. However, these equations involve elaborate and time- 
consuming mathematical calculations, and are rarely used by the engineer in the 
field. The authors have therefore tried to develop an equation having the requisite 
-* simplicity and a reasonable amount of accuracy for computation of the correct 
heat transmission under periodic heat flow conditions. 
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PROPOSED EQUATION FOR COOLING 


If the outside design temperature, fp, is defined as a fictitious constant tempera- 
ture which produces the same amount of maximum heat transmission at the inner 
surface of the barrier as is produced by the actual varying outside temperature, 
the heat load can then be calculated from the simple steady-state calculated from 
the simple steady-state equation by substituting tp in Equation 1 for the outside 
temperature 


NOMENCLATURE 
A = area of surface, square feet. tmin = daily minimum outside tem- 
¢ = specific heat, Btu per (pound) perature, Fahrenheit. 
(Fahrenheit degree). t, = outside temperature, Fahren- 
k = thermal conductivity, Btu heit. 
per (square foot) (hour) t; = ampiitude of daily tempera- 
(Fahrenheit degree per foot). ture variation, Fahrenheit de- 
Nro = Fourier Number, ar/s? grees. 
Nwnu = Nusselt Number, hs/k U = overall heat transfer (air to 
q = rate of flow, Btu per (hour) air), Btu per (hour) (square 
(square foot) (Fahrenheit de- foot )(Fahrenheit degree dif- 
gree). ference in temperature). 
s = thickness of the barrier, feet. x = distance from the inside sur- 
t = temperature, Fahrenheit. face of the barrier, feet. 
tp = equivalent outdoor design a = thermal diffusivity, square 
temperature, Fahrenheit. feet per hour. 
t; = inside constant temperature, p = density, pounds per cubic foot. 
Fahrenheit. tr = time, hours. 
tm = daily mean outside tempera- T, = time needed for one full cycle, 
ture, Fahrenheit. hours. 
tmax = daily maximum outside tem- @ = decrement factor for ampli- 


perature, Fahrenheit. tude of temperature variation. 


Adopting this definition of fp, it is shown in Appendixes A and B that the outside 
design temperature, fp, may be calculated from the following equation: 


where 
F = 0.0007 X? (1 + 2VVY) 
X = pcs 
Y = (1/k)s 
tmax = daily maximum outside temperature, Fahrenheit. 
tm = daily mean outside temperature, Fahrenheit. 
k = thermal conductivity, Btu per (square foot) (hour) (Fahrenheit degree 
per foot). 
p = density, pounds per cubic foot. 
c¢ = specific heat, Btu per (pound) (Fahrenheit degree). 
s = thickness of the barrier, feet. 


The left-hand side of the equation depends on the outside temperature variation 
—that is, on the local weather conditions. The right-hand side of the equation 
represents the effect of the construction and the materials—that is, characteristics 
of the particular building under consideration. 

For a very thick barrier, the right-hand side approaches infinity, where tp = tm. 
The design temperature of a very thick barrier should, therefore, be taken equal to 
the daily mean temperature. For a thin barrier, the right-hand side approaches 
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zero, where tp = tmax- The design temperature for a very thin barrier should, 
therefore, be taken equal to the daily maximum temperature. In any particular 
locality with given tmax and fm, when the thickness, density, or specific heat of the 
barrier increases and the thermal conductivity decreases, the right-hand factor 
becomes larger, and the design temperature becomes smaller. The daily mean 
temperature is the lower limiting value. 

The calculation of the right-hand side of the equation requires data on the 
properties of construction materials. Such data can be obtained from any ap- 
propriate hand-book. The left-hand side requires the typically high daily maxi- 
mum and daily mean temperatures to be expected in the locality under considera- 
tion. 

To illustrate the use of the proposed equation, let it be required to determine 
the outside design temperature for the 18-in. thick concrete barrier and 1.26-in. 
thick wood barrier (mentioned earlier in this paper) in a locality where the daily 
maximum and mean temperatures are 115 F and 100 F, respectively. Further, let 
it be required to calculate the maximum cooling loads for the two barriers, the 
overall coefficient of heat transmission for both the barriers being 0.42 Btu per 
(hr) (sq ft) (F deg), and the inside temperature being 75 F. 


For the concrete wall 
pc = 30, 1/k = 1, and 
8 


s = 18/12 = 1.5 
X = 30X15 = 45 


= 0.0007 X? (1 + 2¥VY) = 6.59 
(tmax — tp)/(tp — tm) = (115 — tp)/(tp — 100) = 6.59, 
giving 
= 101.98 F 
Maximum heat transfer = 0.42(101.98 — 75) = 11.3 Btu per (hr) (sq ft) 


For the wood wall 


pc = 17.5, 1/k = 14.3, ands = 1.26/12 = 0.11 
X = 17.5 X 0.11 = 1.89; 
= 14.3 X 0.11 = 1.5 


F = 0.0007 X?(1 + 2YVY) = 0.01 
(tmax — tp)/(tp — tm) = (115 — tp)/(tp — 100) = 0.01, 
giving 
tp = 114.85 F 
Maximum heat transfer = 0.42(114.85 — 75) = 16.7 Btu per (hr) (sq ft) 


The maximum heat load for the wood wall is about 48 percent higher than that of 
the concrete wall, although the coefficient of heat transmission is the same. These 
walls are of course somewhat extreme cases of construction. 


PROPOSED EQUATION FOR HEATING 


Equation 3 for cooling can also be applied to heating of buildings, after slight 
modification. For heating, the equation becomes: 


— = 0.0007 X#(1 + 2¥VY) . 
om 


{ 

f = 

q 
f 
{ 
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Only the tmax of the equation for cooling is replaced by fmjn when it is used for 
heating. It is quite evident that for cooling the maximum outside temperature, 
tmax, is important while for heating the minimum outside temperature, tmin, is 
important. In case of heating, the design temperature, tp, lies between the daily 
minimum and the daily mean temperature. For thick structures of heavy materials 
tp is close to fm, while for thin structures of light materials tp approaches fin. 

To illustrate, consider that the walls of wood and concrete used in the previous 
examples are situated in a locality where the daily mean and minimum tempera- 
tures are 0 F and —15 F respectively. 

For the concrete wall, 


(tmin — tp)/(tp — tm) = (—15 — tp)/(tp — 0) = 6.59 
hence 
tp = —1.98 F 
Maximum heat transfer = 0.42(— 1.98 — 75) = — 32.3 Btu per (hr) (sq ft) 
For the wood wall, 
(tmin — tp)/(tp — tm) = (— 15 — ty)/(to — 0) = 0.01 
hence 
tp = —14.25 F 
Maximum heat transfer = 0.42(—14.85 — 75) = —37.7 Btu per (hr) (sq ft) 


The proposed method offers another advantage which is likely to make it con- 
venient and desirable. One reason why none of the methods for determining 
design temperature has been universally accepted in practice is that they require 
detailed weather data, collection of which is expensive and time consuming. For 
instance, if the design temperature for a locality is to be determined from hourly 
records, it is necessary to have a complete hourly temperature record for every day 
during a period of 10 years. The method proposed in this paper does not require 
the hourly temperatures; it requires only the daily maximum and minimum 
temperatures which are relatively easy to obtain. 

Although the proposed method overcomes the difficulty of collecting hourly 
temperatures, it still incorporates a factor which must be fixed somewhat arbitrarily 
by the individual designer until a standardized procedure is established. It is 
necessary to decide whether the daily maximum and mean temperatures are to be 
taken as the maximum in a year, or as an average of such temperatures in 5, 10, 
or 20 years. 


ASSUMPTIONS AND ACCURACY 


The proposed equations for heating and cooling are based on the commonly 
used film coefficients, 1.65 for inside and 4.0 for outside. The actual outside 
temperature variation has been taken as a single sinusoidal function of time. 
Also, it may be pointed out that these equations give a basis for selection of out- 
side design temperature making allowance for the periodic variation of outside 
temperature, and are to be used for the calculation of transmission heat losses only. 
The heat load due to solar radiation, and other causes should be estimated sepa- 
rately. 
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Fic. 3. Q vs. s, FOR CONCRETE AND BRICK 


The accuracy of the proposed Equations 3 and 4 has been indicated in Figs. 3 
and 4. The effect of the building construction and materials is represented by a 


factor, 2, which is given by, 


or 


or 


1 


Q= — 
1 + 0.0007 X2(1 + YVY) 


tm + Q t 
(tp — tm)/(tmax — tm) 


= 
tp = 
= Q = 
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In Figs. 3 and 4, values of 2 obtained from the proposed equations have been 
compared with the values obtained from exact mathematical equations (for details 
see Appendixes A and B). The comparison has been made for barriers of various 
thicknesses and different commonly used materials (concrete, brick, wood, cork). 
For thick heavy walls, 2 approaches zero; the design temperature should be close 
to the daily mean temperature. For thin light walls, 2 approaches one; the design 
temperature should be close to the daily maximum temperature in summer or 
daily minimum temperature in winter. Another interesting feature of the curves 
is their shape. As s increases, Q at first decreases gradually, then rapidly, and then 
again slowly. This indicates the economical thickness of the barriers. For 
instance, in case of brick walls, when s increases from 4 in. to 16 in. Q decreases 
from 0.91 to 0.15, 7.e., by 0.76; but when s increases from 16 to 28 in. Q decreases 
from 0.15 to 0.02, 7.e., by only 0.13. The curves indicate that an increase of 
thickness beyond about 20 in. for concrete, 16 in. for brick, 8 in. for wood, and 10 
in. for cork, obtains much smaller returns in the form of savings in heat transfer 
than corresponding increases of thickness for thinner walls. 

The present paper deals only with homogeneous constructions. The application 
of the proposed method to multilayer constructions is being considered. 


PROPOSED EQUATION ---- 
EXACT EQUATION 
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APPENDIX A 


DERIVATION OF THE EQUATION FOR OUTSIDE DESIGN TEMPERATURE WITHOUT 
CONSIDERING THE AIR FILMS 


Let the outside temperature, f,, vary periodically according to the equation: 


where tm and t; are the daily mean temperature, and the amplitude of the daily tempera- 
ture variation respectively. 

The analysis is carried out for a single sinusoidal function only, recognizing that, for 
all practical purposes, the actual daily temperature variation may be assumed to be 
close to a single sinusoidal function. For precise results, exact analysis may be made 
by expressing the daily temperature variation as a Fourier series, using methods of 
harmonic analysis, and treating separately each term of the series in a similar manner. 

The solution of the Fourier-Poisson’s equation, 


at/dr = a (8*t/dx?), 


gives the temperature distribution and the temperature gradient inside the barrier. 
The maximum value of the temperature gradient at the inner surface may be expressed 
in terms of the Fourier number, NFo. 


Ss 


where 
A=V1/at 
] 


B= 
V2(cosh2o—cos2c) 


N, 


_ 


Defining the outside design temperature fp as a fictitious constant outside temperature 
which produces the same amount of maximum heat transmission at the inner surface 
as is produced by the actual varying outside temperature, Equation A-2 becomes 
to—ti ti 
= 7 + 2V2 


or 

ty = tn ASB, 
or 

tp = tm t2V2 Bt, 


This may also be expressed in the form 
tp = tm Q ty ° e e (A-3) 


where 


2=2V2 68 


= [coon 


and 

Mo : 
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Equation A-3 clearly indicates that the outside design temperature should be selected 
by considering the outside temperature variation represented by tmax and tm as well as 
the factor 2, which depends on the building characteristics. Expressing cosh and cos 
terms as infinite series, and simplifying, 2 may be expressed as 


1 


= : 
4 
[1 4... 
6! 
WITHOUT CONSIDERING 
AIR FILMS ——+ 
AIR FILMS 
| 
ro a 


Ne 


Fic. A-1. COMPARISON OF VARIATION 
OF THE DIMENSIONLESS QUANTITY Q 
WITH THE FOURIER NUMBER, Ny, FOR 
BARRIERS WITH AIR FILMS AND (s/k) = 
2, AND BARRIERS WITHOUT AIR FILMS 


Since (2¢)*/6/ is generally less than 1, powers of 20 higher than the fourth may be 
neglected. 


Therefore, 


Expressing o in terms of the Fourier number, 


Q = 1/[1 + (0.22/Nr2)]) . ...... (A4) 


Thus @ is a function of the well-known Fourier number. Fig. A-1 gives a plot of Q vs. 
Nr (with and without considering the air films). The curves rise rapidly for the lower 
values of Nr, and rise slowly for the higher values of NFo. 


|_| 
1 
2 = 
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DERIVATION OF EQUATION FOR OUTSIDE DESIGN TEMPERATURE CONSIDERING 
Arr FILMs 


Analytical equations for periodic heat-flow through homogeneous walls considering 
the outside as well as inside air-film coefficients have been obtained by Alford, Ryan 
and Urban} and have been further checked by Mackey and Wright.2.% Applying their 
equations, and assuming the generally acceptable values of the inside and outside film 
coefficients of 1.65 and 4.0 Btu per (hr) (sq ft) (F deg) respectively, the following 
equation for the maximum heat load may be derived, 


Maximum heat load = fa — bi + 1.654’ . . . . (B-1) 
1.65 k 4.0 
where 
5.65kx 
g 


(cos cosh Ay + sin sinh s) + 6.6 sin s cosh Ay s + 
2k? dy? cos A S sinh Ay s 
5.65k (cos cosh — sin Ay Ss sinh s) + 6.6 (cos s sinh s — 
2k? sin S cosh Ay S) 


ll 


According to the definition of the design temperature given in Appendix A, 

Maximum heat transfer = [tp — #]/[(1/1.65) + (s/k) + (1/4.0)] 
therefore, 

to = tm + 1.65 [(1/1.65) + (s/k) + (1/4.0)] At 
or 
lp =tmtQh 
where 
Q = 1.65 [(1/1.65) + (s/k) + (1/4.0)}X. (B-2) 


These equations may be used for determination of exact values. However, the un- 
wieldy nature of Q indicates the necessity of a simpler equation. To obtain a simple 
equation, the following procedure was adopted. 

The present problem remained a problem of pure conduction so long as the air films 
were not considered. Due to the introduction of air films it becomes one of conduction 
with convection involving both the Fourier and the Nusselt number. Therefore, let 
2 be represented by 


Q =  (NFo, NNu) = {[are/s*], [hi (s/k)], [ho (s/k)]} 


where [hi(s/k)] and [ho(s/k)] are the Nusselt numbers corresponding to the inside and 
outside air film coefficients, and az-/s? is the Fourier number. The thickness of the 
wall, s, is taken as the characteristic length in the Nusselt numbers. 

If the constant values of the inside and outside film coefficients are substituted, Q 
may be represented simply by, 


= ¢ [(ar-/s*), (s/k)] 


| 
A= 
% 
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s/k must have such functional relationship that Q should be unity for s/k = 0, and 
zero for s/k = ©. This is indicated by the equation fp = tm + Qh. 

For walls of negligible thickness [(s/k) approaching 0], tp should evidently be tmax 
or tm + t, that is, @ should be unity. Similarly for walls of infinitely large thickness 
[(s/k) approaching ©], tp should evidently be equal to fm, or 2 should be zero. 

In order to see how the presence of air films affects the relationship between Q and 
No, the exact relation between Q and Nr, for wails of s/k = 2 was determined and 


| 


oe 


| 

608 | 2 6 10 20 
NF 

Fic. B-1. Q vs. Neo FOR BARRIERS WITH AIR FILMS 


co 


plotted for walls with as well as without air films. The curves were of similar shape for 
both conditions. The method of analysis which follows was then tried. 
A number of sections of the surface 


Q = ¢ [(are/s*), (s/k)] 


by the planes s/k = constant were obtained as shown in Fig. B-1. All of these indi- 
cated similarity with the plot of Q vs. Nro without considering the air films, shown in 
Fig. A-1. Thus 2 could be of the form 
+> 


Another form of @ satisfying the end-conditions is given by 

0.22 
(4) 


Q = (B-3) 


This was however rejected as being too complicated. 
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To arrive at the nature of f (s/k), Equation B-3 was written as 
1-2Q 0.22 (2 

k 


or log 2 =log ozer (= 2 log Nr, 

Fig. B-2 shows (1 — Q)/Q vs. Neo. The points shown in Fig. B-2 are the points, selected 
somewhat at random, for which values were calculated. These points did not lie exactly 
on straight lines (1 — 9)/Q vs. Nr. having slope of 2 as assumed in the above equation. 
However, lines having slope of 2 could be fitted with a fair degree of accuracy. These 
lines of slope 2 were used to determine f (s/k) in terms of (s/k). Values of f (s/k), 
thus obtained, were plotted against (s/k) in Fig. B-3. In the lower region, for 0.03 < 
s/k<0.2, the plot of f (s/k) could be approximated to a straight line from which the 
following relationship was obtained: 


In the higher region, for 0.2<s/k<60, the following approximate relationship was 
obtained: 


(B-5) 


(=)= =. 1.83 
7° 

In arriving at Equations B-4 and B-5, fractional powers of s/k, with the exception of 

square-root, were avoided since these were likely to make the equation difficult. 


The range 0.2<s/k<60 covers most of the commonly used building constructions. It 
was therefore considered desirable that, for the sake of simplicity, f(s/k), valid in the 
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higher range, might be considered generally applicable for all practical purposes. Fig. 
B-3 further indicated that the use of Equation B-5 in the lower range of s/k did not 
create abnormally high errors. 

Substituting Equation B-5 in Equation B-3 the equation for 2 becomes 


k k 
Substituting for Nero, and simplifying, Equation B-6 becomes 
(B-7) 


Q= —— 
1 + 0.0007 p%?s? (i) 


Thus, the equation for estimating fp is 


tp = ian + Qh 
where 
Q = 1/(1 + F) 
F = 0.0007 (1 + 2YV/¥) 
X= pcs 
Y = (1/k)s 


1000 — 
| 
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tm + [1/(1 + 
(tm — top + th)/(tod — tm) 
Since (tm + = 
this equation may be written 


which is another expression for obtaining ftp. 


Since tp 
F 
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DISCUSSION 


Car W. Sicnor, Detroit, Mich., (WRITTEN): The authors should be commended on 
their analysis of the behavior of the heat flow through building walls with a varying 
outdoor temperature. 

This paper makes it very apparent that the heat transmission co-efficients as given 
in the GUIDE are on the safe side but not always correct for thick walls. The equation 
as set up by the authors will be exceedingly helpful when more exact figures on heavy 
walls are desired. 

One condition that I have noticed in the heating of heavy walled buildings in the 
Detroit area is that when three successive days of near 0 F temperature occur, the 
building heating requirements increase each successive day. Then during the first 
day that the outdoor temperature rises to normal winter conditions, the building will 
still use an excessive amount of steam for heating. We know this behavior is due to 
the heat storage effect of the walls, but it does show the time delay of the heat flow 
through the walls as pointed out in the paper. 


A. I. Brown, Columbus, Ohio (WRITTEN): The authors have made an interesting 
mathematical analysis of the complicated problem of determining the equivalent out- 
side design temperature for heat load estimation when consideration is given to local 
weather conditions, the time lag for walls which have different rates of heat storage 
capacity, and the resulting differences in maximum heat flow which occur for such walls 
even though they may have similar values of the overall coefficient U. 

The title implies that the paper deals specifically with heating load calculations. In 
the paper, however, the authors apply their proposed equation to cooling load as well 
as to heating load estimation. 

The authors have made it clear that their proposed equations are to be used only for 
the calculation of transmission heat losses (or gains), and that loads due to solar radia- 
tion and other causes should be estimated separately. 

With this limitation in mind, the reader may observe that any calculation of an out- 
side design temperature for transmission gains, as applied to cooling problems, can have 
very limited application since it is independent of the heat gains due to solar radiation. 
It appears then that this method when used in conjunction with the Guide table of 
Total Equivalent Temperature Differentials for Calculating Heat Gain Through Sunlit and 
Shaded Walls, would apply only to the north or shaded walls. Furthermore, it may be 


= 
4 
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noted that the result given by the authors’ equations is the maximum heat gain by 
transmission; and since this maximum heat flow through shaded walls usually does not 
occur at the same hour as the maximum total heat gain, which includes the gain through 
glass and roofs, and other sources its application is further restricted. 

In the case of calculations of heating loads, where heretofore no account has been 
taken of unsteady state heat transfer, the authors’ method provides a refinement to 
calculations which may well be justifiable in the case of transmission through thick 
masonry walls, especially in localities where cold spells are of short duration and conse- 
quently where an appreciable difference may exist between the minimum outside 
temperature and the minimum daily mean temperature. 

The sample calculations included in the authors’ paper, which are based upon a daily 
mean of 0 F and a minimum of —15 F, show a significant difference between the calcu- 
lated equivalent outside design temperature and the minimum outside temperature in 
an 18-in. concrete wall—a difference of 13.02 degrees. A similar calculation for a 
12-in. brick wall would show a difference of 11.2 degrees. In the case of lighter con- 
struction, such as frame walls and windows, however, the difference in temperature 
appears to be too small to justify such a calculation. This means, then, that users of 
the authors’ method would have to apply different outdoor design temperatures for 
heavy masonry walls than for air-infiltration calculations and for windows and possibly 
other surfaces of the same building. 

In spite of the foregoing limitations to the use of the authors’ method, they are to be 
commended for showing so clearly that under conditions of fluctuating temperature, 
walls having similar U values may be quite different in their effectiveness as heat 
barriers. Their paper shows also that the reduction in heating and cooling require- 
ments for buildings with heavy masonry walls, as compared with walls of. lighter con- 
struction, is due not only to the fact that, because of time lag, the peak loads for walls, 
roofs and windows do not occur at the same hour, but the reduction in requirements is 
due also to a smaller temperature differential across the heavy walls at the time of the 
maximum heat flow. 


F. W. McGuan, Washingtonf, D. C. (WRITTEN): The basic concept for weighting the 
heat transmission through building sections due to the thermal lag as related to the 
density and specific heat of materials appears to be a valid contribution in the approach 
toward the establishment of more factual transmission coefficients. Considering present 
methods of testing materials to determine their thermal conductivity, the change in 
moisture content as actually installed may also be a factor to be considered. 

The method of determining an equivalent outside design temperature, and its use in 
actual transmission calculation would have limited usefulness. The authors state that 
the walls used for illustration purposes are somewhat extreme cases of construction. It 
is suspected that if the method of calculation indicated (which shows a variation of 5.4 
Btu per sq. ft. for the extreme conditions used) were applied to components normally 
used in residential construction, the magnitude of the variation would lose most of its 
significance. In addition the proposed method would require the use of a large number 
of equivalent outside design temperatures for a single structure—one for each different 
type of structural section used—which would appear impractical. 

The following items may complicate application of the proposed method to actual 
residential structures: 


1. Reflective type insulations (density and specific heat as related to attributed 
thermal value). 

2. Solar effect on exterior walls and relative of elevated surface temperatures on 
thermal gradient and rate of transmission. 

3. Construction using non-homogeneous materials, particularly those having air 
spaces and involving different directions of heat flow. 


Present methods of calculating residential heat gains (24 hour method) recognize the 


t+ Federal Housing Administration. 
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transmission lag and heat storage effect of materials in the development of simplified 
factors. These items might well be incorporated in our current methods of heat loss 
computation to reduce the difference now existing between measured and calculated 
results. 


Joun Everetts, Jr., Philadelphia, Pa., (WRritTEN): The problem of selecting outside 
design temperatures for heating and cooling load estimates is not a simple one as attested 
by the many papers and discussions now in the literature. 

The authors, in the paper just presented, have attempted, by analytical methods, to 
arrive at an equivalent temperature which considers structures of different densities 
and specific heat but with the same over-all coefficient of heat transfer. The effect of 
solar radiation has not been included. 

In reviewing this paper two questions came to mind; (1) how close does the heat 
transfer calculated by this method approach the actual measured heat transfer and (2) 
how important is the deviation in end results to the total calculated load. 

In discussing the first question, a calculation was made following the sample calcula- 
tions in the paper but with values as follows: 


tmax 95 F. 
tn 80 F. 
Room Temp. 75 F 
Wall 8-in brick with 34-in metal lath and plaster 
Density 100 
Specific heat 0.20 
K 8.0 

i/kK 1.25 
U 0.46 
0.73 


Substituting these values, the equivalent temperature was calculated to be approxi- 
mately 90.8 F. This results in a heat transfer of 7.3 Btu per sq. ft. per hr. 

If we refer to Laboratory Report No. 1195 on Heat Gain Thru Walls, published in 
Vol. 48 of the ASHVE Transactions, dated 1942, curve 1 of Fig. 1, page 95, shows the 
heat flow for a north exposed wall of 8-in brick construction, and with no solar radia- 
tion, to reach a maximum of 4.4 Btu per sq. ft. per hr. This would indicate a calculated 
transfer of approximately 66 per cent more heat than the actual measured value. This 
difference may be due to— 


1. Storage effect in mass of structure. 
2. Reverse flow of heat on decline of temperature after maximum has been reached. 
3. Use of incorrect values in formula as compared to test wall. 


The second question as to the importance of the difference in transfer to any total 
load may be illustrated by a typical example. 


A suburban department store consisting of basement, first floor and second floor 
has 60,000 sq. ft. of roof area, 25,600 sq. ft. of wall and glass area, of which 13.7 percent 
or 3,500 sq. ft. is glass. This is a very low glass/wall ratio and should tend to favor 
the results of this problem. The load breakdown is as follows: 


Btu/hr. Percent Total Load 
Total Load 7,400,000 100 
Jalls 62,000 0.84 
Roof 175,000 2.35 
Glass 60,000 0.81 
Sub Total 297,000 4.00 
Radiation 
alls — — 
Roof 265,000 3.58 
Glass 134,000 1.81 
Sub Total 399,000 5.39 


People, Lights, Ventilation 


6,704,000 90.0 
. 
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From these figures, it can readily be seen that with a wall transmission of only 0.84 
percent of the total load a wide variation in design temperature or wall construction 
would have little effect on the over-all design of an air conditioning system. The roof 
transmission is important insofar as the air quantity for the top floor is concerned. 
However, even a wide deviation (48 percent as shown in the authors’ example) of this 
transmission would not seriously affect the air conditioning design because of the order 
of magnitude of the solar heat gain and gain from people and lights. 

The analytical method presented by the authors is of academic interest as far as they 
go and if they could extend their method to include solar radiation and storage, then 
the value of this method would be greatly enhanced. 


S. A. HEwer, Washington, D. C., (WRITTEN): Average Temperatures as Design 
Data—This paper points out that minimum and maximum weather temperature data 
will be needed in suitable form for use with the method. A decision between using the 
highest temperature values for a year or averages based on several years is left open. 

The highest temperature values, in my opinion, are too extreme. Average values 
on the other hand mean little to designers generally. Most designers, I believe, are not 
satisfied with averages, but prefer to select design temperatures to suit actual con- 
ditions—a little higher outside temperature for a house located on hot city streets, a 
little lower temperature for a building in the suburbs. 

Rather than average temperatures, I feel that weather data should be given in terms 
of incidence of occurrence for a series of temperatures, i.e., the number of times selected 
temperatures have been equaJed or exceeded over a period of record. This permits the 
designer to select the temperature best suited to his particular conditions. Moreover, 
it permits him to tell his client just how many days during the cooling season the system 
can be expected to meet the load. 

Priority of Weather Data—The method proposed in this paper requires both maximum 
and mean daily temperatures. The values for these temperatures ought to be obtained 
from simultaneous readings of record in order that they may keep their proper relation- 
ship in the formula. This requires data from simultaneous maximum and minimum 
daily readings and involves considerable preparation, presumably by the Weather 
Bureau. 

Since fresh air is an important item in determining the air conditioning load, it seems 
to me that wet bulb data is needed even more than maximum and minimum dry bulb 
data. In other words, before we devote too much attention to data for simultaneous 
maximum and minimum dry bulb, we ought first to do something about preparing data 
for simultaneous maximum dry bulb and wet bulb. 


H. T. Gitkey, Urbana, IIl., (WriTTEN): This paper presents a very promising method 
for determining the maximum heat flow by conduction through a homogeneous wall. 
In addition, it presents what may prove to be the basis for a reevaluation of the outdoor 
design temperatures for cooling in any locality. It, like other work in the field, is not 
the final answer to all of the problems associated with the.calculation of cooling loads. 

As the authors point out, the work must be extended to include non-homogeneous 
walls before it will have wide application. It is hoped that this extension of the work 
will include the types of wall construction commonly used in residences. Once this is 
done it may be possible to substitute what the authors have termed as tp for what we 
now call outdoor design temperature. It seems likely, however, that in a given locality 
several values of tp can be determined depending upon the type of construction under 
consideration. This situation of multiple listings would not be desirable, and before 
the concept presented can be of practical use it will be necessary to find some method of 
eliminating the necessity for listing more than one design value for a given locality. 

Another limitation which the authors point out is the absence of radiation effects in 
the equation. The effect of solar radiation on heat gains through walls is two-fold. In 
the first place, it has the same effect as an increased outdoor air temperature. Un- 
fortunately, this effect is not uniform over all surfaces of a building, but it is appreciable 
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even though a wall may not be exposed directly to the sun. In addition, there are 
appreciable radiation effects on the interior surfaces of exterior walls. These usually 
occur because of re-radiation and reflection from interior surfaces exposed to radiation 
through glass areas. 

Even though it may be very desirable to be able to calculate the maximum heat flow 
through a given wall, it is very unlikely that the maximum heat flow will occur simul- 
taneously for all exposed surfaces of a structure. For instance, the heat flow through 
an east wall will almost without exception reach its maximum much earlier than does 
the heat flow through a west wall. Consequently, being able to determine only the 
maximum heat flow will not be sufficient for an accurate calculation of the heat gain to 
a building. 

Some of these comments apply equally to cooling and to heating. It may well turn 
out, however, that the concept of tp will prove much more valuable as an aid in esti- 
mating heat loss than in estimating heat gain, since heat losses during periods of maxi- 
mum load are not subject to solar effects. 


E. P. PALMATIER, Syracuse, N. Y.: I think the author is to be congratulated for 
offering one means of simplifying a very complex problem. We have a field day here 
for discussers because this is such a complex problem that it is very easy to find other 
avenues of attack. 

I think the point has been adequately covered by the preceding discussers that the 
transmission component of the load in many types of structures, particularly heavy 
structures, fades into relative insignificance because of the large light loads, people 
loads and ventilation loads that are normally found in commercial structures. 

It is important to point out that even in very light structures it has been shown before 
the Society that a much simpler method of determining the heat gain is available other 
than this business of trying to determine the periodic heat flow. That is by integrating 
the various components of the load over a long period of time. 

One other point I would like to make is the fact that there is at least as much material 
within these structures as there is in the wall, and consequently the storage effects that 
come about through the presence of all this material inside the structure, that is inside 
the outer skin, is as important a problem as the periodic heat flow through the wall. 


P. R. ACHENBACH, Washington, D. C.: I want to compliment the authors for this 
first step, at least, in simplifying periodic heat flow through walls. 

There are a number of concepts being advanced nowadays about improving and 
simplifying methods for computing heat gain or heat loss. One of those is related to 
the frequency of recurrence of low or high outside values, as the case might be. Another 
relates to adjusting the design temperature for the diffusivity of the wall and this paper 
this morning is related to the latter idea. 

I believe there is sound theoretical ground for using different outside design tempera- 
tures for walls of different diffusivity, and that is what this factor, F, in this paper is 
related to. 

However, before we list a lot of different values of design temperature, there should 
be adequate guidance for the user in when he should use what value. 

We have two values of outside design temperature for winter use in the GUIDE now 
and there are some questions as to which and when to use them. 

There is a good possibility that there will be more than two values in some cases. In 
fact, I believe the 1955 GuibE will list four values for Canadian cities. Unless we can 
provide adequate guidance for the user as to what determines the value to choose, there 
will be more confusion than now exists. 

The value, F, that is used in this paper could be tabulated for various kinds of walls 
and the maximum or minimum temperature, and the daily amplitude could also be 
used, which would serve as tools for putting this formula into use. 

We know that there is a lot of confusion and disagreement among engineers and 
contractors as to what is the heat loss or heat gain of a building, and actually it is 
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difficult to promote a fair competition among individuals when there are different 
methods of computation. 

I believe this idea that has been advanced here is worthwhile and should be considered 
by those who are proposing changes in the method of selecting design temperatures and 
changes in the methods of computing heat loss and heat gain. The limitations of the 
method described, I think, have been adequately covered by other commenters. 


AutuHors’ CLosurE (Doctor M. L. Ghai): The authors appreciate the views expressed 
by the discussers, especially since the paper concerns a subject where a lot of different 
opinions are known to exist. 

As pointed out by Mr. Achenbach, the paper presents a method which is basically 
sound, and has the potential of simplifying the estimation of the effect of heat storage 
in walls and other barriers. 

Since the heating or cooling load consists of several components each of which is 
dependent on different types of basic variables, it is apparent that any method of 
simplifying heat load estimation is bound to have some limitations regarding coverage. 
The proposed method is meant for calculating that component of heat load which is 
due to transmission of heat through the walls and other barriers caused by the difference 
in the air temperatures. The authors agree with Messrs. Palmatier and Everetts that 
for cooling load in summer, differences in this component generally do not have a great 
effect on the total load calculations. The authors also agree with Mr. Signor that for 
heating load in winter this component plays an important part in the total load. This 
is due to the fact that the transmission load is generally a small percentage of the total 
cooling load in summer, whereas it is a fairly large percentage of the total heating load 
in winter. Consideration of periodic heat flow is, therefore, much more important in 
the estimation of winter load than the summer load, as also pointed out by Mr. Gilkey. 

With reference to comments on solar heat load by Messrs. Brown, McGhan, Everetts 
and Gilkey, the proposed method is intended to be applicable both to heating and cooling 
load calculations and, therefore, does not include solar heat load. The solar heat load 
is more important for cooling load calculations than for heating load calculations and 
can be calculated by other methods. However, if it is considered desirable to combine 
the solar load with the transmission heat load, it can be done so and the factor F can 
be modified to combine both. Of course, it would then be necessary to have different 
factors F for summer and winter load calculations. 

In reply to Professor Brown’s comments, knowledge of time lag is required in some 
applications. The proposed method does not ignore the time lag. It gives the maxi- 
mum load due to transmission. The time lag should be considered in arriving at the 
total load. Referring to the first example cited by Mr. Everetts, the authors suspect 
that the difference between 7.3 and 4.4 is most likely due to the U values being generally 
conservative. 

The authors agree with Messrs. Heider and McGhan regarding need for wet bulb 
temperatures although this does not directly concern the proposed method. 

Regarding Mr. McGhan’s reference to the possible need for listing a large number of 
equivalent outside temperatures for a single structure, the authors feel that this would 
not be necessary. Two tables, one giving the values of F for common constructions 
and the other giving maximum and average daily temperatures, should suffice. 

The authors agree with Mr. Palmatier regarding the importance of heat storage 
effect of materials within the building although the materials which are immediately 
within the outer skin and form a part of the barriers can be taken care of by the ex- 
tension of the proposed method to non-homogeneous structures. The heat storage 
effect of furniture and other materials within the building cannot be accounted for by 
the proposed method, as those materials go through different temperature variations. 

The total load consists of several components which have to be calculated separately. 
All one can hope to have is a simplified but accurate method for each component. 
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A THEORETICAL AND EXPERIMENTAL STUDY 
OF LIQUID-TO-LIQUID HEAT TRANSFER IN HOT 
WATER HEATERS 


By F. W. Hurtcuinson*, BERKELEY, CALIF., L. J. LATArtT**, AND 
N. W. SmitH**, Rome, N. Y. 


HE INTENT of this research paper is to present experimental data on the 

quantitative evaluation of the heat transfer characteristics of water heaters in 
which transfer occurs from unagitated hot water to-and-through a tube wall to 
cooler water which is in forced circulation within the tube. In its broadest thermal 
characteristics the system is one which approaches classification as a liquid-to- 
liquid heat exchanger with natural convection controlling the film resistance on 
the outside of the tube and forced convection determining the film resistance on 
the inside; in most instances, as will be shown, the thermal resistance of the tube 
wall will be so small as to have no appreciable influence on the overall results 
(except insofar as the thickness of the wall alters the inside and outside areas of 
the transfer surface). 

The paper reviews the semi-rational, dimensionless, empirical equations which 
seem applicable to the system and compares—by numerical example—the value 
of the overall coefficient of heat transfer obtained from application of the equations 
with that value obtained by computation from experimental data realized from 
the test set-up used for the experimental work. The test setup is described in 
detail and comparative test data are given for a single tube operating under con- 
trolled conditions with variable flow rates, and with varying liquid-to-liquid 
temperature differences. 


THEORETICAL RELATIONSHIPS 


The system in question is simplified to involve transfer to a single tube of length 
sufficient to offset end effects, the tube being horizontal in a tank of hot water 
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which is maintained at a practically fixed temperature without appreciable move- 
ment other than that due to thermal currents resulting from the transfer of heat; 
water within the tube undergoes temperature rise while traveling at a velocity 
sufficient to assure turbulent flow. Under these conditions heat transfer from the 
hot water in the tank to the cooler water within the tube would occur through a 
series path consisting of three thermal resistances: (1) outside film where the 
resistance would be controlled by the mechanism of free convection, (2) tube wall 
where the resistance would be controlled by the mechanism of conduction, (3) and 
inside film where the resistance would be controlled by the mechanism of forced 
convection. 


The equation expressing rate of heat transfer from tank water to tube water 
would be 


q = — tw) = [Aolte — tw)]/[(Ao/hiA i) + (LA0/kAm) + (1/ho)] (1) 
where 


q = rate of heat transfer, Btu per hour. 
t, = temperature of the hot water within the tank, Fahrenheit degrees. 
ty = mean temperature of the water within the tube, Fahrenheit degrees. 
A, = outside surface area of the length of tube through which heat transfer 
occurs, square feet. 
A; = inside surface area of the length of tube through which heat transfer 
occurs, square feet. 
Am = mean area, in direction of heat transfer, of the length of tube through 
which heat transfer occurs, square feet. 
k = thermal conductivity of the tube wall, Btu per (hour) (square foot) 
(Fahrenheit degree per foot). 
L = thickness of the tube wall, feet. 
h, = inside film coefficient of heat transfer, Btu per (hour) (square foot) 
(Fahrenheit degree). 
ho = outside film coefficient of heat transfer, Btu per (hour) (square foot) 
(Fahrenheit degree). 
U = overall coefficient of heat transfer (expressed in terms of outside surface 
area), Btu per (hour) (square foot) (Fahrenheit degree). 


= 1/[(Ao/hiAi) + (AcL/kAm) + (1/h.)] (2) 


For turbulent flow within the tube the recommended! relationship among the 
three controlling dimensionless parameters for determination of the inside film 
coefficient, hy, is 


The relationship recommended! for use in calculating the free convection value 
of the outside film coefficient, ho, is 


1 Heat Transmission, by W. H. McAdams (McGraw-Hill Book Co., Inc., 2nd ed., 1942). 
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In Equations 3 and 4 the terms not previously defined are: 


D; and D, = inside and outside tube diameters, feet. 
V = fluid velocity within the tube, feet per hour. 
p and pr = fluid densities at, respectively, the mean temperature of the water within 
the tube and the mean temperature of the outside film. 
8B = coefficient of volumetric expansion, cubic feet per cubic foot. 
g = acceleration due to gravity, feet per (hour).? 
and pr = absolute viscosity at, respectively, the mean temperature of the water 
within the tube and the temperature of the outside film, pounds per 
(foot) (hour). 
Cp = specific heat of water at the temperature in question. 
At = temperature difference across the outside film, Fahrenheit degrees. 


Test Conditions: Equations 2, 3, and 4 permit determination of a theoretical 
value of the overall coefficient of heat transfer for a given system once the tube is 
specified with respect to size and material, the inside velocity is known, and the 
temperature relationships for the system have been specified. The physical 
properties of the fluid (p, u, k, cp, 8) are all either functions of fluid temperature 
or are independent of temperature; hence, their values can be readily fixed when 
the mean fluid temperature is known. 


For the particular test investigated here the test section consisted of a four-foot 
length of 14-in. outside diameter copper tube with wall thickness of 0.028 in. and 
thermal conductivity of 220 Btu/(hr) (sq ft) (F deg/ft). The actual inside di- 
ameter was 0.444 in. and the outside diameter, 0.500 in. From tables for this 
standard tube it is noted that the capacity per foot of length is 0.008 gal. During 
the test the flow rate (obtained by a meter which had been calibrated with a 
weighing tank) was held constant at 3 gpm; the fluid velocity was therefore 3/0.008 
or 375 fpm, which, in basic units, is 22,500 ft per hr. 


After sufficient time had been allowed for the system to reach equilibrium, 
readings were taken at 2-min intervals over a 16-min test period. The tempera- 
tures of water entering and leaving the test section remained constant throughout 
this period at 20.70 C entering and 22.60 C leaving. The temperature of the water 
within the tank and surrounding the single tube varied approximately 0.1 deg 
with time and position, the average value being 57.73 C. Averaging and con- 
verting the Centigrade degrees experimental readings to Fahrenheit degrees, it 
follows that the mean temperature of water within the tube, ty, was 71 F and the 
mean temperature of the water in the tank, 4, was 135.9 F. 


For a mean water temperature of 71 F the corresponding values of the physical 
properties are: density, p, of 62.2 lb/cu ft; viscosity, u, of 0.965 centipoises which 
equals 2.42 (0.965) or 2.335 Ib/(ft) (hr); thermal conductivity, k, of 0.344 Btu/(hr) 
(sq ft) (deg/ft); specific heat, cp, of 1.0 Btu/(Ib) (deg). 


Theoretical Determination of the Overall Coefficient: To determine the inside film 
coefficient for forced convection it is desirable to first evaluate the term of Equation 
3 which corresponds to the Reynolds Number (since this term establishes the 
conditions of flow): 


Reynolds Number = DjVp/y = (0.444/12) (22500) (62.2)/2.335 = 22200 
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The next step is evaluation of the Prandtl Number: j 
Prandtl Number = cpyu/k = (1.0) (2.335)/0.344 = 6.79 
The Nusselt Number, appearing as the term of the left of Equation 3, is 


hiD\/k = (hi) (0.444/12)/0.344 = 0.023 
0.023 (3000) (2.15) = 148.4 


Nusselt Number 


The inside film coefficient, /;, is then 
hi = (k/D,) (148.4) = [(0.344)/(0.444/12)] (148.4) = 1380 Btu/(hr) (sq ft) (F deg) 


Calculations of the outside film coefficient require evaluation of the Grashof 
Number (the first bracketed term on the right side of Equation 4) and of the 
Prandtl Number, both dimensionless parameters to be evaluated with physical 
properties at the mean temperature of the outside film. But the thermal re- 
sistance for free convection through the outside film would be expected to greatly 
exceed the series resistances for forced convection through the inside film and for 
conduction through the tube wall. Hence, the greater part of the water-to-water 
temperature drop will occur in the outside film and the mean film temperature 
can therefore be taken, for a first approximation, as halfway between the tempera- 
ture of water in the tank and the mean water temperature in the tube; the mean 
film temperature, ¢,, is thus equal to (135.9 + 71)/2 = 103.5 F. Values of the 
fluid properties at this temperature are: density, pz, of 61.9 lb/cu ft; viscosity, 
Ly, Of 0.648 centipoises or 1.568 Ib/(ft) (hr); thermal conductivity, ky, of 0.360 
Btu/(hr) (sq ft) (F deg/ft). The value of the coefficient of volumetric expansion 
p, is 0.115(10)-* and of the acceleration due to gravity, g, is 4.17(10)§ ft/(hr)’. 
The mean temperature difference between the heating and cooling fluids is 135.9 — 
71 = 64.9 F and this is approximately (refer to following section, Corrected 
Theoretical Coefficient) equal to the temperature difference, At, across the outside 
film. 

Then evaluating the Grashof Number, 


(0.500/12)* (61.9)? (0.115) (10)-3 (4.17) (10)§ (64.9) /(1.568)? 
351,500 = 0.351 (10)° 


Grashof Number 


The Prandtl Number, for outside film conditions, is 
Prandtl Number = c,us/ke = (1.0) (1.568)/(0.3600) = 4.36 


Then substituting into Equation 4 to obtain the Nusselt Number applicable to 
the outside film, 


Nusselt Number = 0.53 [(351,500) (4.36)]®-% = 0.53 (35.15) = 18.65 
The resultant value of the outside film coefficient is 


ho = (kt/Do) (18.65) = 18.65 (0.360)/(0.500/12) = 161.2 Btu/(hr) (sq ft) (F deg) 


The overall coefficient can now be calculated by Equation 2, noting that ratios 
of tube diameters in inches are equal to ratios of surface areas in square feet, (and 
taking the mean tube diameter as the arithmetical average of inside and outside 
diameters). 
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1 
(0.444) (1380) (0.472) (220) 161.2 
= 1/0.007028 = 142.2 Btu/(hr) (sq ft) (F deg) 


= 1/(0.000817 + 0.0000112 + 0.00620) 


Note that the reciprocal of the overall coefficient is the total resistance and the 
three individual additive terms which make up the total resistance are the re- 
sistances of, respectively, the inside film, the tube wall, and the outside film; all 
resistances are evaluated, as is the overall coefficient, in terms of unit area of the 
outside surface of the tube. 

Corrected Theoretical Coefficient: The given theoretical evaluation of the overall 
coefficient was based on the assumption that the entire water-to-water temperature 
drop occurred through the outside film. But the actual temperature drop through 
the outside film is to the water-to-water temperature drop as the outside film 
resistance is to the total thermal resistance. The resistances were determined in 
the above section; hence a more accurate approximation to the drop through the 
outside film is obtainable: 


Film temperature drop = (64.9) (0.00620) /(0.007028) = 57.2 F 


Noting that the one-quarter power of the film temperature drop enters into the 
evalution of io, a corrected value of the outside film coefficient is 


ho = 161.2 (57.2/64.9)°- = 156.4 


The resistance of the outside film then becomes 1/156.4 = 0.00639 and the cor- 
rected value of the overall coefficient is 


U = 1/(0.000817 + 0.0000112 + 0.00635) = 1/0.007218 
= 138.5 Btu/(hr) (sq ft) (F deg). 


Based on the new value of the outside film resistance a third approximation 
gives: 
Film temperature drop = (64.9) (0.00639) /(0.007218) = 57.5 
and the corrected outside film coefficient is 


ho = 161.2 (57.5/64.9)°-2> = 156.5 


This value differs inappreciably from the 4, determined from the previous approxi- 
mation, 156.4; hence the overall coefficient obtained from the second approxima- 
tion, 138.5 Btu per (hr) (sq ft) (F deg), can be accepted as the most accurate value 
obtainable from the given equation. 

Experimental Determination of the Overall Coefficient: It has already been noted 
that under test conditions the water flowing through the 4-ft length of tube under- 
went a temperature rise, (At), from 20.7 C to 22.6 C, or gained 3.42 F deg. Flow 
rate was 3 gpm, so the total energy transfer amounted to: 


Q = We (At)n = (3) (8.345) (1) (3.42) = 85.6 Btu/min. . . . (5) 


But the test section having 0.500-in. diameter has 0.131 sq ft of outside surface 
per foot length; the rate of heat transfer is therefore: 


q = 60 (Q)/(4) (0.131) = (60) (85.6)/(4) (0.131) = 9800 Btu/(hr) (sq ft) 
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Then substituting into Equation 1, 
q = UAG (te — tw) = 9800 = U (1) (135.9 — 71) = 64.9U 
giving 
U = 151.0 Btu/(hr) (sq ft) (F deg). 


Comparison of Theoretical and Experimental Results: The calculated value, 
138.5 Btu/(hr) (sq ft) (F deg), of the overall coefficient of heat transfer differs 
from the experimental value, 151.0 Btu/(hr) (sq ft) (F deg), by slightly more 
than 8 percent. This result shows that the equations for calculating the inside 


PRESSURE WATER SUPPLY 
REOUCING 


PRESSURE —SOLENO!ID VALVE Cusream supery 
REOUCING VALVE (CONTROLLED BY AQUASTAT) Line 


THERMOMETERS MEASURING 
TANK TEMPERATURE (t,) 
QMMERSED TO CENTER UNE wnren 
TEMPERATURE 
BEING TESTED) ww (ty) 


THERMOMETER 
4 WELL 


TEMPERATURE 
ouT (t,) INSULATED 
HEADER 


=x 
c 


U 


“STEEL TANK WATER LINE 
(IMMERSION 
AQUASTAT STEAM COILS 
J (Two LAYERS) 


STEAM 
TO CONS 


STEAM 

FROM COILS 
STEAM TRAP 
AND DISCHARGE 


Fic. 1. ARRANGEMENT FOR TESTING WATER-TO-WATER 
HEAT TRANSFER UNDER CONDITIONS OF FREE CONVEC- 
TION OUTSIDE THE TUBES 


and outside film coefficients can be expected to give results of the correct order of 
magnitude. This fact demonstrates the possibility of accurately extrapolating 
limited experimental results for water heaters over a range of diameters, inside 
fluid velocities, and mean fluid temperatures. 


EXPERIMENTAL PROCEDURE 


Fig. 1 illustrates diagrammatically the equipment arrangement used for the 
experimental work. The insulated chamber permitted use of a 48-in. straight 
length of each of the four test tubes which are located near the top of the chamber. 
The tubes could be tested as a group or, by means of control valves (not shown) 
on the discharge side, could be tested individually. Water supply to the units 
under test was from the city water system, the flow rate being accurately main- 
tained at a fixed value by fixed setting of the inlet pressure reducing valve and 
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controlled setting of the needle valve on the discharge side. Flow rate was meas- 
ured by means of a weighing tank-calibrated flow meter as shown. The water 
within the tank was maintained at a fixed temperature during each test. Heat 
to the tank was supplied by two sinuous coils located near the bottom of the tank, 
one above the other; each coil has ten rows of %-in. outside diameter copper tube, 
2\4-in. center-to-center, 4514-in. long between return bends; the lower coil is 
114-in. above the bottom of the tank and the upper coil, 114-in. above the lower. 
As heat flows from the hot tank water to the cooler water within the test tubes 
it is evident that circulation of the water within the tank will occur by free con- 
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Fic. 2. RELATION BETWEEN WATER TEMPERATURE 
DIFFERENCE AND HEAT TRANSFER RATE RESULTING 
FROM EXPERIMENTAL STUDY 


vection as a result of the vertical variation in density. One major purpose of the 
study was to determine whether or not the degree of circulation was sufficient to 
invalidate application of the basic (Equation 4) relationship for free convection. 
No agitation was provided for the tank water, but by observation the degree of 
circulation would be expected to increase as some function of the rate of heat 
transfer. 


EXPERIMENTAL RESULTS 


Fig. 2 summarizes the experimental data obtained from some 130 tests of two 
diameters (and two wall thicknesses) of copper* tube. Each test was run at fixed 


* Although all tests were run using copper tube, the results can be readily applied to ferrous pipe or to 
alloy tubes by correcting the tube wall resistance; the procedure for separating the three thermal resistances 
of the system is demonstrated in the example given in the section, Theoretical Relationships. 
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tank temperature and at fixed flow rate; variation in tank temperature among the 
tests was over the range from 86 F to 186 F; variation in flow rate among the tests 
was from 1 to 6.4 gpm. 
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Fic. 3. STANDARD CURVE FROM EXPERIMENTAL DATA 
OF Fic. 2 RELATIVE TO THE CURVE FOR 14-IN OD 
TUBE AT 3 GPM 


In seeking a correlation of the experimental data it would be expected (by 
observation of the terms in Equations 1, 2, 3, and 4) that three variables would 
require consideration. 


1. Temperature of water within the tube and within the tank and mean temperature 
difference from water-to-water. 

2. Diameter and wall thickness of tube. 

3. Velocity of water within the tube. 


But consideration of the example given in the section, Theo.etical Relationships, 
will show that the thermal resistance due to the outside free convection film accounts 
for (100 X 0.00639/0.007218) 73 percent of the total thermal resistance of the 
system. For tube velocities higher than that of the example (3 gpm) the per- 
centage would exceed 73 percent; whereas for lower velocities the inside film 
would have increased significance. Thus the rate of heat transfer would be ex- 
pected to be largely controlled by the factors which determine the outside film 
coefficient. 
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Referring to Equation 4, note that the diameter—a fraction—enters in the third 
power, hence will have small influence on ho. Over the usual temperature range 
the variation in one quarter power of the various physical characteristics will not 
be great. Thus it follows that the major variable which would be expected to 
influence the outside film is the water-to-water temperature difference. Then, for 
velocities between 3 and 6 gpm, a rough correlation might be expected between rate 
of heat transfer and water-to-water temperature difference, neglecting actual water 
temperatures, tube diameter, tube wall thickness, and velocity of water within the 
tube; Fig. 2 presents such a correlation. 

In interpreting Fig. 2 it should be remembered that the experimental points 
would not be expected to fall on a single curve; hence departures are frequently 
due to differences in velocity, temperature, or tube type. The point identified by 
the letter C is the one which was checked by the theoretical method of the preceding 
section; where accuracy in design requires, other points can be readily checked by 
the same method. The significance of the curve indicated in Fig. 2 resides in its 
usefulness as a means of obtaining a rapid and simple approximation to heat 
transfer rates in water-to-water heaters with external free convection. 

Fig. 3 presents the curve of Fig. 2 together with a similar curve for 44-in. outside 
diameter (0.028-in. wall thickness) tube with inside velocity of 3 gpm. 


CONCLUSION 


Based on an experimental investigation of water-to-water heat transfer it is 
found that the empirical equations commonly used for turbulent flow within a 
tube and for free convection outside the tube permit evaluation of film coef- 
ficients, hence of the overall coefficients of heat transfer, which agree—within the 
limits of experimental error—with the values obtained by test under conditions 
simulating those existing within a water heater. Further, the demonstrated 
major influence of the outside film thermal resistance is such that a reasonably 
accurate approximate correlation can be obtained between water-to-water mean 
temperature difference and the rate of heat transfer. The approximate correla- 
tion—accurate to within better than 10 percent for the greater part of its range— 
is valid over a temperature range from 86 F to 186 F, a velocity range from 3 to 
6 gpm (in 14-in. or 5%-in. outside diameter copper tubes) and is applicable to 
various tube wall thicknesses. 

Where accuracy greater than that of the correlation curve is required, the paper 
shows that the theoretical relationships can be applied; similarly, for ferrous pipe 
or alloy tubes the theoretical relationships permit correction of the experimental 
data to obtain design values of the rate of heat transfer. 


DISCUSSION 


M. L. Guat, West Hartford, Conn.: I will appreciate the author’s comments re- 
garding the range of hydraulic radii over which the data presented could be considered 
applicable for practical purposes within an accuracy of about 10 percent. Have the 
authors experimented with heaters having narrow water passages with hydraulic radii 
of the order of 1@ in? 


AutHor’s CLosurE (Professor Hutchinson): No, we haven’t in connection with the 
present research done anything of the type which the question raised. 


é 
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I might add in passing that such work is being done by the heat transfer group at the 
university in terms of a more formal presentation, but in this paper we deliberately 
stayed away from what might be called the more technical aspects in the sense of varia- 
tions of geometric angle and things of that kind because we simply wanted to find out 
from the overall statement how we could explain the relatively theoretical equations 
to a very simple problem. 

I mention that not by way of apology but by way of explaining that we deliberately 
avoided all of the special conditions which applied to such systems because we felt 
it would be nice to find out how the relatively complex equations apply to a simple 
barnyard problem. So that was the intent of the paper and that is the basis. 


No. 1533 


SOLAR RADIATION DURING CLOUDLESS DAYS 


This paper is the result of researches sponsored by the 
AMERICAN SOCIETY OF HEATING AND AIR-CONDITIONING 
ENGINEERS, INC., The Minnesota Institute of Research and the 
Graduate School, of the University of Minnesota, conducted 
through the Department of Mechanical Engineering of the 
University of Minnesota. 


By J. L. THRELKELD* AND R. C. JorDAN**, MINNEAPOLIS, MINN. 


HE WORLD'S present energy requirements for food, power and heat approxi- 

mate 60 billion Btu per day; solar radiation intercepted by the earth each day 
equals about 5600 million million Btu. It is this vast differential which, in view 
of the rapidly dwindling fossil fuel deposits of the earth, is accelerating exploita- 
tion of solar energy. Of the sun’s rays reaching the earth’s outer atmosphere, 
only 16 percent reaches the land areas of the world, but the one percent intercepted 
by continental United States is equivalent to about 800 tons of coal per acre per 
year. 


Although utilization of solar energy poses many technical problems, the stakes 
are large. Currently, about 40 percent of all energy consumed in the United 
States is involved in space heating. Since space heating is accomplished at com- 
paratively low energy levels, the technical problems are not as great as in other 
areas. However, space heating includes only a fraction of the potential uses to 
which solar energy may be placed eventually. Some, as with the potential use of 
solar energy for space heating, involve replacement of fuels by solar energy. In 
this category are also included the generation of electricity by thermopiles con- 
sisting of thermocouples with high thermoelectric effect and the generation of 
electricity by photogalvanic effects, or by so-called solar batteries such as the one 
under development by Bell Telephone Laboratories which utilizes a silicon p-n 
junction, similar to a junction transistor. Upon the absorption of light on the 
battery surfaces a potential is developed between the ends of the crystals through 
the liberation and migration of free-to-move negative and positive electric charges. 


There are many potential additional uses, however, which may, upon develop- 
ment, extend our standard of living through new energy applications. For exam- 
ple, in order to reduce agricultural wastes, the final drying of such crops as corn 
and hay is, in some instances, now being accomplished artificially through oil- 
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fired drying systems. Since the intermittency of solar energy is here no disad- 
vantage, it is quite possible that solar drying systems could extend this practice 
at a marked reduction in processing cost. Another potential application is the 
drying of peat for fuel. Dried peat is used as a power fuel in Russia, Germany, 
Ireland and, to a lesser extent, in Denmark, Sweden and Finland. In this country 
it is not yet economically competitive with other fuels, but the fact remains that 
about 14 billion tons of peat are potentially available. If this can be dried eco- 
nomically, our fossil fuel reserves will be extended appreciably. A third example 
of the possible extension of living standards concerns the current pilot plant at- 
tempts to culture the single celled alga, chlorella, by circulation in a closed nutri- 
ent solution periodically exposed to full sunlight. Since algae are capable of ab- 
sorbing intense light during brief periods and later utilizing this energy in photo- 
synthesis, this may develop more efficient sources of protein than any of our cur- 
rent farming methods. Potentially, chlorella culture can provide a protein yield 
per acre 200 times greater than soybeans. 

In the adaptation of solar energy to the solution of engineering problems, three 
factors are involved: (1) determination of the availability and reliability of the 
energy supply, (2) determination of the energy requirements of the problem to be 
solved and (3) development of efficient collection or conversion equipment. 

Currently, one of the most important problems involves an evaluation of the 
energy source, and this paper provides an extension of the present knowledge. 
Engineering applications will require information as to the incidence of solar radia- 
tion outside the atmosphere, at various depths of the atmosphere, at the earth's 
surface during cloudless days, and at the earth's surface during all days. Test 
results reported by Maria Telkes and Eleanor Raymond! on the solar house at 
Dover, Mass. show that almost 94 percent of the energy collected in the month of 
February 1949 occurred during 15 days of above average incident radiation. Thus, 
it is possible that the extent and reliability of cloudless day radiation may prove 
to be of major importance in the design of equipment for solar energy collection 
and conversion. This paper provides an engineering estimate of the incidence 
of solar radiation at the earth's surface during cloudless days. 


METHODS OF CALCULATION 


This section discusses methods of calculating solar and sky radiation during 
cloudless days at the latitudes and for the conditions applicable to the United States. 

Direct Solar Radiation Perpendicular to Sun's Rays: In a very important paper, 
Parry Moon? has presented a method of calculating the direct solar irradiation 
of a surface normal to the sun’s rays during cloudless days for any elevation and 
for varying amounts of water vapor and dust in the atmosphere. Moon has cal- 
culated spectral irradiation curves for assumed atmospheric conditions of sea 
level, 20 mm of precipitable water, 300 dust particles per cc, and 2.8 mm of ozone. 
The ASHAE has taken these data as a standard for clear atmospheres and typical 
summer conditions and has correlated them in THE GurpE® showing direct solar 
radiation at normal incidence as a function of the solar altitude angle. 

F. W. Hutchinson and W. P. Chapman‘ have applied Parry Moon's calculation 
method to an assumed standard winter atmosphere of sea level, 33 F dew-point 
temperature, 300 dust particles per cc and 2.8 mm of ozone. Their results are 


1 Exponent numerals refer to References. 
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correlated by a curve showing direct solar radiation at normal incidence as a func- 
tion of the solar altitude angle. 

Sky Radiation: Parmelee® has contributed important information on the irradia- 
tion of horizontal and vertical surfaces by diffuse or sky radiation. However, 
many of the calculations for this paper were made prior to publication of Parme- 
lee’s paper and sky radiation values were taken from curves presented in a previous 
publication® by the authors. Since during cloudless days the magnitude of diffuse 
radiation is generally small compared to the direct solar component, this circum- 
stance has little effect on the results presented in this paper. 
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Fic. 1. Datty ToTaL SOLAR AND SKY RADIATION 
INCIDENT Upon A HoRIZONTAL SURFACE DURING 
CLoupLEss Days AT VARIOUS NORTH LATITUDES 


Solar and Sky Radiation—Horizontal Surfaces: The intensity of direct radiation 
incident upon a horizontal surface is given by the relation 


where 


In = direct solar radiation incident upon horizontal surface, Btu per (hour) 
(square foot). 
Ixy = direct solar radiation incident upon a surface normal to sun’s rays, Btu 
per (hour) (square foot). 
8 = solar altitude angle. 


The total hourly rate of radiation is found by adding the diffuse radiation to that 
calculated by Equation 1. The total radiation incident upon the surface during 
the day is found by summing up the hourly rates using Simpson’s rule. 

Fig. 1 shows daily total solar and sky radiation incident upon a horizontal sur- 
face during cloudless days for north latitudes of 30, 36, 42, and 48 deg. In cal- 
culating the curves of Fig. 1, computations for May through September were made 
using Moon's values’ for Jy in Equation 1 and Parmelee's values® for diffuse radia- 
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tion, while for October through April Hutchinson’s and Chapman's values‘ were 
used for Jy and the authors’ values were used for diffuse radiation. The two sets 
of daily totals were plotted with the spring and autumn values of each set ad- 
justed to give the smooth curves of Fig. 1. 

Fig. 1 shows that maximum energy incidence on a horizontal surface occurs at 
30 deg north latitude with a year peak of about 2600 Btu per (day) (sq ft) during 
the June and July period. There is relatively little difference in radiation in- 
cidence during the summer months between the several latitudes. Thus, the 
irradiation of a horizontal surface during cloudless days is fairly uniform in the 
United States except in mountainous locations and in industrial regions where 
the atmosphere is heavily polluted with dust. Because of much smaller solar 
altitude angles in winter, energy incidence is much lower in winter months with 
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Fic. 2. Dairy Totat SOLAR AND Sky RADIATION 

INCIDENT UPON A SOUTH-FACING VERTICAL SURFACE 

DurinG CLoupLEss Days AT VARIOUS NORTH 
LATITUDES 


a minimum of about 550 Btu per (day) (sq ft) occurring in December at 48 deg 
north latitude. 

Solar and Sky Radiation—South-facing Vertical Surfaces: The intensity of direct 
radiation incident upon a south-facing vertical surface is given by the relation 


where 


Isy = direct solar radiation incident upon south-facing vertical surface, Btu 
per (hour) (square foot). 


Iy = direct solar radiation incident upon a surface normal to sun’s rays, Btu 
per (hour) (square foot). 
8 = solar altitude angle. 
a = wall solar azimuth angle. 


The total hourly rate of radiation is found by adding the diffuse radiation to the 
direct component calculated by Equation 2 with daily totals of incidence found 
by summing up the hourly rates using Simpson’s rule. 

Fig. 2 shows daily total solar and sky radiation incident upon a south-facing 
vertical surface during cloudless days for north latitudes of 30, 36, 42 and 48 deg. 
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The same sources of information for normal incidence radiation and diffuse radia- 
tion were used in calculating Fig. 2 as for Fig. 1. Fig. 2 shows that maximum 
winter incidence and minimum summer incidence upon a south-facing vertical 
surface occurs at 30 deg north latitude. A peak of about 1900 Btu per (day) 
(sq ft) occurs on about January 1 at 30 deg while peaks of about 1800 Btu per 
(day) (sq ft) occur on October 15 and March 1 at 48 deg north latitude. Incidence 
during the winter months is fairly uniform except at 48 deg latitude where a mini- 
mum occurs on December 22. 

Fig. 3 shows the ratio of south-facing vertical to horizontal radiation during 
cloudless days and was calculated from the data for Figs.1 and 2. Fig. 3 illustrates 
the superiority of the south-facing surface for winter collection of sunshine, espe- 
cially at the more northerly latitudes. 
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Fic. 3. Ratio oF ToTAL SOLAR AND RApDIA- 

TION INCIDENT UPON A SOUTH-FACING VERTICAL SuR- 

FACE TO THAT INCIDENT UPON A HORIZONTAL SURFACE 

DurING CLoupLEss Days AT VARIOUS NORTH 
LATITUDES 


Solar and Sky Radiation—South-facing Tilted Surfaces: If a south-facing surface 
is tilted from the vertical position by an angle ¢, the intensity of direct solar radia- 
tion incident upon this surface is given by the relation 


Isr = Iy (sin Bsing + cos Bcosacos¢?) . .... . (3) 
where 


Isr = direct solar radiation incident upon south-facing tilted surface, Btu per 
(hour) (square foot). 
direct solar radiation incident upon a surface normal to sun’s rays, Btu 


N => 
per (hour) (square foot). 
8 = solar altitude angle. 
a = wall solar azimuth angle. 
¢ = angle of tilt from vertical position. 


Combining Equations 1, 2 and 3 gives 
ler = In sin @ + Isycos@. . . . « 


is 
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An optimum tilt angle may be found by differentiating Equations 3 or 4 with 
respect to ¢, and equating to zero, considering Jy, 8 and @ as constants. The 
result is 


tan @ = tan B/cosa = Ip/Igy . . . . (5) 


Since 8 and a are variables, the optimum tilt angle also varies. In systems 
utilizing solar energy for space heating, practical considerations dictate a fixed 
position for the collector. Thus, an optimum tilt must be determined over a period 
of time rather than for a particular instant. Since the December-February period 
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Fic. 4. ToTaAL SOLAR AND Sky 

RADIATION INCIDENT UPON A SOUTH- 

FACING SURFACE TILTED FROM THE Hor- 

IZONTAL AT AN ANGLE EQUAL TO THE 

LATITUDE PLus 21 DEG DuRING CLoup- 

LEss Days AT VARIOUS NorRTH LatI- 
TUDES 


is critical for a solar heating system, the method was adopted to assume the tilted 
surface perpendicular to the sun's rays at 12:00 noon on January 15. This re- 
quires that the tilt angle @ be equal to the solar altitude angle for this time. The 
tilt angles thus determined are shown in Table 1. It is observed that in every 
case the tilt angle from the horizontal position is closely equal to the latitude plus 
21 deg. 


TABLE 1—TiLt ANGLES REQUIRED TO MAKE A SOUTH-FACING SURFACE NORMAL 
TO SuN’s Rays AT NOON ON JANUARY 15 


TiLt ANGLE FROM VERTICAL TiLt ANGLE FROM HORIZONTAL 
LATITUDE 

DEG DEG MIN DEG MIN 

30 38 51 51 9 

36 32 49 57 11 

42 26 49 63 11 

48 20 49 69 11 


Fig. 4 shows daily total solar and sky radiation incident upon a south-facing 
surface tilted by the angles shown in Table 1 tor the winter period October 1 to 
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April 15. In the construction of Fig. 4, hourly rates of direct solar radiation were 
calculated by Equation 4. Since there is no information on diffuse radiation 
incident upon tilted surfaces, this component was estimated by the linear relation 


= Isvia + (nya — Isvia) 6/90 . . (6) 


where 


Ist,a = — radiation incident upon tilted surface, Btu per (hour) (square 
oot). 


Isy,a = diffuse radiation incident upon south-facing vertical surface, Btu per 
(hour) (square foot). 


Iu,a = diffuse radiation incident upon horizontal surface, Btu per (hour) (square 
foot). 


tilt angle from vertical position, degrees. 


The total hourly rates found by adding Equations 4 and 6 were summed by Simp- 
son's rule to give daily totals. 
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Fic. 5. Ratio oF DaiLy ToTaL SOLAR AND Sky RapIA- 

TION INCIDENT UPON A SOUTH-FACING SURFACE TILTED 

FROM THE HORIZONTAL AT AN ANGLE EQUAL TO THE 

LaTITUDE PLus 21 DEG To THAT INCIDENT UPON A 

SOUTH-FACING VERTICAL SURFACE DURING CLOUDLESS 
Days AT VARIOUS NorTH LATITUDES 


Fig. 4 shows that the incidence of radiation upon a south-facing surface tilted 
from the horizontal by an angle equal to the latitude plus 21 deg is a maximum 
in the southern part of the United States with the effect of latitude being most 
significant in the month of December. 

Fig. 5 shows the ratio of south-facing tilted to south-facing vertical radiation 
during cloudless days for the October 1 to April 15 period and was calculated from 
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the data for Figs. 2 and 4. Fig. 5 shows that the advantage of tilting is most 
pronounced in the more southerly latitudes where an increase of about 20 percent 
occurs during the December-January period at 30 deg north latitude. Fig. 5 
also shows that in the more northerly latitudes during the December-January 
period very little increase of incident radiation results from tilting the south- 
facing surface. 


COMPARISON OF CALCULATED AND RECORDED RADIATION DuRING CLEAR Days 


The calculated results previously presented are for an assumed standard atmos- 
phere at sea level. The dust content of 300 particles per cc is representative of a 
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Fic. 6. COMPARISON OF CALCULATED AND RECORDED 

SOLAR AND SKY RADIATION INCIDENT Upon A Hort- 

ZONTAL SURFACE DuRING CLEAR Days AT LINCOLN, 
NEB. 


reasonably clean atmosphere. As a check on the calculations, comparisons were 
made with recorded radiation published by the U.S. Weather Bureau for Lincoln, 
Neb.; Madison, Wis.; Columbia, Mo.; Rapid City, S. D.; Nashville, Tenn.; and 
Blue Hill, Mass. The plotted points shown in Figs. 6-12 are daily totals of re- 
corded radiation for days with 0-2 cloudiness and 95-100 percent sunshine. 

Fig. 6 shows a comparison of the curve of calculated solar and sky radiation in- 
cident upon a horizontal surface for the latitude of Lincoln, Neb. (40 deg, 49 min) 
with plotted points of clear day radiation as recorded on a horizontal surface at 
Lincoln for the 10-year period 1944-1953. It is evident that the assumed standard 
atmosphere calculation gives a very good average correlation. 

Fig. 7 shows a similar comparison of calculated and recorded radiation incident 
upon a horizontal surface for Madison, Wis., latitude 43 deg, 8 min, for the 10- 
year period 1944-1953. It is seen that the calculated curve gives a good average 
correlation except in the May-August period when it is about 5 percent too low. 
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Fic. 7. COMPARISON OF CALCULATED AND RECORDED 
SOLAR AND SKy RADIATION INCIDENT Upon A Hori- 


ZONTAL SURFACE DuRING CLEAR Days AT MADISON, 
Wis. 


Fig. 8 shows a comparison of calculated and recorded radiation incident upon a 
horizontal surface for Columbia, Mo., latitude 38 deg, 57 min, for the 10-year 
period 1944-1953. The calculated curve results in a reasonably good correlation 
for the winter months but is consistently low by 5 to 10 percent during the April- 
September period. 
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Fic. 8. COMPARISON OF CALCULATED AND RECORDED 

SOLAR AND SKY RADIATION INCIDENT Upon A Hori- 

ZONTAL SURFACE DuRING CLEAR Days AT COLUMBIA, 
Mo. 
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Fic. 9. COMPARISON OF CALCULATED AND RECORDED 

SOLAR AND SKY RADIATION INCIDENT Upon aA Hori- 

ZONTAL SURFACE DuRING CLEAR Days AT RAPID 
City, S. D. 


Fig. 9 shows a comparison of calculated and recorded radiation incident upon a 
horizontal surface for Rapid City, S. D., latitude 44 deg, 9 min, for the five-year 
period 1949-1953. Although there are insufficient points for a representative 
comparison, it appears that the calculated curve is consistently low by about 5 
to 10 percent. 
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Fic. 10. COMPARISON OF CALCULATED AND RECORDED 

SOLAR AND SKY RADIATION INCIDENT Upon A Hori- 

ZONTAL SURFACE DuRING CLEAR Days AT NASHVILLE, 
TENN. 
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Fic. 11. COMPARISON OF CALCULATED AND RECORDED 

SOLAR AND SKY RADIATION INCIDENT UPON A Hori- 

ZONTAL SURFACE DuRING CLEAR Days AT BLUE HILL, 
Mass. 


Fig. 10 shows a comparison of calculated and recorded radiation incident upon 
a horizontal surface for Nashville, Tenn., latitude 36 deg, 9 min, for the eight- 
year period 1944-1948, and 1951-1953. It is seen that the calculated curve gives 
a good average correlation for the April-September period but is high by some 15 
to 20 percent during the winter months. According to Hand’, considerable smoke 
contamination in winter months occurs at Nashville and this may account for the 
higher radiation as indicated by the calculated curve. 

Fig. 11 shows a comparison of calculated and recorded radiation incident upon 
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Fic. 12. COMPARISON OF CALCULATED AND RECORDED 

SOLAR AND SKy RADIATION INCIDENT Upon A SOUTH- 

FACING VERTICAL SURFACE DuRING CLEAR Days AT 
BLuE Hii, Mass. 
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a horizontal surface during clear days for Blue Hill, Mass. The latitude of Blue 
Hill is 42 deg, 13 min. The plotted points represent but five years of data (1949- 
1953) which are inadequate for a representative comparison. The calculated 
curve compares favorably with the recorded data during winter months but is 
consistently low during the March-September period by some 5-10 percent. 

Fig. 12 shows a comparison of calculated and recorded radiation incident upor 
a south-facing vertical surface during clear days for Blue Hill, Mass. The plotted 
points are for the same years of data as Fig. 11 and thus are not sufficient for an 
average comparison. During the April-October period the calculated curve is 
low by some 5 to 10 percent or by a similar deficiency to the calculated curve of 
Fig. 11 for a horizontal surface. However, in the December-February period the 
calculated curve is much too low, indicating on some days a considerable increase 
by reflection from the ground. 


CONCLUSIONS 


The authors believe that the calculated curves on cloudless day radiation shown 
in Figs. 1 through 5 are sufficiently accurate for engineering purposes for all locali- 
ties in the United States except mountainous locations and highly industrialized 
regions. Comparison of calculated and recorded radiation incident upon a hori- 
zontal surface for six localities indicate average correlation by the calculation 
method within about 5 to 10 percent except at Nashville, Tenn. The calculated 
curves presented in this paper are based upon the basic equations developed by 
Parry Moon? and these equations may be applied to any type of atmosphere in- 
cluding mountainous and industrial regions. 

Maximum incidence of solar and sky radiation on a horizontal surface during 
cloudless days occurs in the southern part of the United States, although in sum- 
mer months the radiation is fairly uniform throughout the country. In winter 
months a significantly greater incidence occurs in the more southerly latitudes. 

Maximum incidence of solar and sky radiation on a south-facing vertical surface 
during cloudless days occurs in the southern part of the United States in winter 
and in the northern part of the country in summer. The ratio of south-facing 
vertical to horizontal surface radiation incidence is larger throughout the year 
at the more northerly latitudes, reaching a maximum in December. 

The tilting of a south-facing surface in winter months may increase the incidence 
of radiation during cloudless days by 20 percent or more over that of a south- 
facing vertical surface in the more southerly latitudes. In the northerly latitudes, 
the increase is much smaller, being less than 5 percent for Decer ber and January 
at 48 deg north latitude. 

Further pyrheliometric studies are necessary to establish the effect of ground 
reflection ot radiation on vertically-placed and tilted surfaces. In winter months 
a considerable increase of incident radiation beyond the calculated amount may 
occur by reflection from a snow-covered ground surface. The advantages of tilt- 
ing a south-facing surface are dependent also upon ground reflection, since a tilted 
surface receives less reflected radiation than a vertically-placed surface. 
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DISCUSSION 


C. F. Kayan, New York, N. Y.: This very interesting paper brings out in the early 
part a statement that arouses a bit of curiosity. 1 wonder if we can have an interpre- 
tation on it. 

This statement: “Currently about 40 percent of all energy consumed in the United 
States is involved in space heating.” 

Bearing in mind that we do use a lot of energy for industrial processes, also for trans- 
portation—the automobile, by way of example; that the United States is heated in the 
wintertime only in certain sections—we have a large spread of territory in the northern 
part and the southern part—40 percent seems an unusually large percent of the total 
energy consumed. I am rather consumed with curiosity for an interpretation of it. 


Rocer Haines, Albuquerque, N. M.: We in the Southwest are vitally interested 
in the subject matter of this paper and similar papers that preceded it, because we think 
that in our locality, New Mexico and Arizona, the climate is ideally suited for applica- 
tions of solar energy to space heating, and we hope in a couple of years that we might 
have something for you on this line. 

I was talking to Dr. Threlkeld a moment ago and he suggested that you might be 
interested in some of the direct results of solar radiation in a climate such as ours. 

We have recently finished a 12-story office building in Albuquerque which is heated 
by means of a keat pump. The south and north sides of the building are about 70 
percent glass and our solar altitude in December is about 30 deg, so that the incident 
angle is fairly great on the south facing surface. 

One morning recently with a temperature of 18 F. at nine o’clock in the morning, 
when one might think that the flywheel effect would call for heating, cooling was re- 
quired on the entire south side of the building, even in the unoccupied areas. 


M. L. Guat, West Hartford, Conn.: The authors have presented some of the basic 
information needed for investigating the feasibility of utilizing solar energy. I certainly 
hope that more of this type of work can be done so we can determine more precisely 
what we can do with this virtually inexhaustible source of energy. 

The curves presented in this paper also indicate that in the middle of January the 
incident solar energy is higher than the energy received in December. As far as space 
heating with solar energy is concerned, January is important since the degree-days of 
heating are generally maximum about the middle of January. 


AutHor’s CLosurE (Doctor Threlkeld): We appreciate very much the comments of 
Professor Kayan, Mr. Haines and Dr. Ghai. 

I am very interested in Mr. Haines’ comments. It is encouraging to hear that a 
commercial application of solar energy for space heating is now being designed. I 


RS 
ue 
od 
is 
d 
n 
is 
of 
le 
n 
d 
n 
y . 
y 
rg 
‘ 
4 


212 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND ArrR-CONDITIONING ENGINEERS 


agree that Arizona and New Mexico are excellent locations for solar utilization systems 
because of their high percent sunshine and fairly mild winter temperatures. 

In regard to Dr. Ghai’s comment, which is very pertinent, I may say that the in- 
cidence on a horizontal surface is at a minimum on about December 22 for two reasons. 
First, at this date the sun’s altitude is lowest of the year and consequently the length 
of path of the sun's rays through the atmosphere is greatest. Thus, the depletion 
effect of the atmosphere is at a maximum. Secondly, as shown by Equation 1 of our 
paper, the direct solar radiation is calculated as In sin 8 and on December 22, the values 
of sin 8 are at a minimum. 

Fig. 2 shows that the incidence on a south-facing vertical surface is fairly uniform 
during December and January except at the more northerly latitudes. As shown by 
Equation 2, the calculation of direct solar radiation incident on a south-facing vertical 
surface involves the term cos 8. Thus, this term alone would tend to make Isy large. 
However, we have the competing factor that at low altitude angles atmospheric deple- 
tion is greatest. 

To summarize on Dr. Ghai’s question, in general a minimum incidence occurs on or 
about December 22, but it depends upon the latitude and the orientation of the surface. 


AvuTHoR’s CLosurE (Doctor Jordan): Professor Kayan has shown interest in the 
statement that 40 percent of the energy requirements of this country are involved in 
space or comfort heating. In earlier conversations with Professor Kayan he has also 
questioned whether or not this figure includes energy requirements for transportation 
purposes. 

There are several sources of information varying somewhat in the exact figure, but 
the same in general magnitude. One of the best of these references is the book Energy 
in the Future by Putnam, prepared in his capacity as a consultant to the Atomic Energy 
Commission. This book was published in 1953 and provides detailed substantiating 
evidence on all assumptions. 

I am sure that some of Mr. Putnam’s figures will be of interest to you. In the year 
1800 about 92 percent of the energy requirements in this country were consumed in 
space heating, about 8 percent in process heating, and almost none in work. In the 
year 1930 the comfort or space heating requirements had dropped to approximately 
40 percent and process heating to about 10 percent. The remaining 50 percent was 
consumed in work. The space or comfort heating fraction includes that part used in 
the heating of transportation facilities. Energy required for the transportation of 
vehicles such as automobiles, trains and airplanes, was allotted to the work fraction. 

Currently, the space and comfort heating requirements are approximately 35 to 40 
percent of the entire energy requirements of this country and it is projected that the 
energy-use curve will approach 30 percent by the year 2000. Despite the changing 
fractions of all energy requirements, the total consumed in each category has increased 
greatly over the years. While the 30 percent space heating figure may stabilize, the 
total energy requirement for space heating will increase greatly during the last half 
century as a result of the booming population. This is the reason why the vast po- 
tential availability of solar energy becomes so interesting, since it is at the space and 
comfort heating levels that we can probably best first utilize solar energy. 
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PATHS OF HORIZONTALLY PROJECTED 
HEATED AND CHILLED AIR JETS 


By ALFRED KOESTEL*, CLEVELAND, OHIO 


This paper is the result of research sponsored by the AMERICAN 
SOCIETY OF HEATING AND AIR-CONDITIONING ENGINEERS, INC., 
in cooperation with Case Institute of Technology, Cleveland, Ohio 


HE PATHS assumed by horizontally projected heated and chilled air jets 

under the influence of buoyant forces are of practical importance when heating or 
cooling with outlets located on walls. When the path of a chilled air jet is such that 
it prematurely enters the occupied zone, considerable draft may be experienced 
especially if the temperature differences and velocities are still high due to insuf- 
ficient mixing. 

Equation 2 gives the path or trajectory of horizontally projected heated or chilled 
air jets. It also defines the path in terms of the drop or rise of the jet centerline 
velocity axis for various distances from the discharge outlet. A typical path of a 
chilled air jet is shown schematically in Fig. 1. The trajectory equation is compared 
with test data obtained by various experimenters in order to substantiate the as- 
sumptions made in the mathematical derivation of Equation 2. The detailed mathe- 
matical analyses appears in the Appendix. 


Basic EQUATIONS 


From the analysis presented in the Appendix and based on the simplifying as- 
sumptions already stated, the following differential equation for the trajectory of a 
horizontally projected non-isothermal air jet is derived as the equation: 


(AtoBgDo/ Vo?) (a/b + [1 + (d¥/dX)*}t 
(1 + = +@Y/dX? .. (1) 


By assuming that the slope of the jet trajectory is not too great, an approximate 


* Assistant Professor of Mechanical Engineering, Case Institute of Technology. Member of ASHAE. 
Presented at the 61st Annual Meeting of the AMERICAN SOCIETY OF HEATING AND AIR-CONDITIONING 
ENGINEERS, Philadelphia, January 1955. 


213 


| 
4 
a 
an 
4 
2 


214 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND AIR-CONDITIONING ENGINEERS 


solution to Equation 1 can be made (as developed in the Appendix), which results 
in the equation: 


(AtBgDo/ Vo") [(a/b + 1)/6K] (X/D.)* = + (¥/D.) « (2) 
Equation 2 approximately defines the path of the centerline axis of the jet as illus- 


trated in Fig. 1. The centerline of the jet path is the line of maximum air velocity 
and also of maximum air temperature difference. 


Fic. 1. DIAGRAM OF THE PATH ASSUMED 
BY A CHILLED AIR JET DISCHARGING 
HoRIZONTALLY FROM A NOZZLE 


Also as developed in the Appendix, the ratio a/b in Equation 2 is a function of the 
overall effective turbulent Prandtl number of the jet as defined by the equation: 


A Prandtl number of 0.7 has been suggested for non-isothermal jets by such ex- 
perimenters as Nottage!, Forstall and Shapiro*, and Corrsin and Uberoi®. 

Whether the sign is plus or minus in Equation 2 is determined by the fact that the 
vertical displacement in diameters, Y/Do, of the jet centerline axis is the drop when 
the temperature difference Ato, is for a chilled jet, and the rise when the tempera- 
ture difference, Af, is for a heated jet. 

The dimensionless parameter, V,?/8 At,gDo, in Equation 2 is the ratio of the 
momentum force to the buoyant force or gravity force evaluated at the outlet. 

An analytical comparison between the trajectory equation of a water jet in air 
and a heated or chilled air jet in air may provide an insight into the general nature 
of the paths assumed by fluid jets under the influence of gravity forces. The dimen- 
sionless parameter V,2/8At,g), which is the ratio of momentum or inertia force 
to the buoyant or gravity forces, can also be represented by the conventional 
Froude number.* The analysis is given in the Appendix. 

The constant K in Equation 2 is the familiar constant of proportionality for the 
centerline velocity variation of an isothermal jet as defined by the equation: 


K also represents the apparent length of the constant-velocity zone occurring 
near the face of the outlet, for when V./V, equals unity K becomes equal to X/Do, 


the zone length in diameters. 
The constant K has been verified experimentally by Tuve* and others and has 


1 Exponent numerals refer to References. 

* The parameter, V,?/BA/ogDo, is similar to the dimensionless parameter called the Froude number 
in hydraulics. The Froude number is equal to the square root of the ratio of the momentum force to the 
gravitational force in a fluid. 
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been found to vary somewhat with outlet velocity, with the percentage free area of 
the outlet (if covered with a grid-type lattice), with the type of approach to the 
outlet, and with the amount of turbulence induced behind the outlet. Differences 
between the jet density and the density of the receiving medium affect the values 
of K only when the jet temperature difference, At,, is excessively large. For outlet 
velocities above 1000 fpm and diameters greater than 6 in., values for K of 6.0 to 
6.5 are representative of many tests on nozzles. Experimental indications are that K 
is a function of the Reynolds number (evaluated at the discharge nozzle) only in the 
lower ranges, and that for a Reynolds number greater than about 3 x 10‘, values of 
K will be greater than 6.0. If the apparent point source of the jet as determined by 
the angle of expansion of the velocity profile is located on the face of the nozzle, 
the value of K in Equation 2 based on available test data can be expected to range 
from 6.5 down to approximately 4.0 depending on the Reynolds number evaluated 
at the jet outlet. 


METHOD OF ANALYSIS 


The jet trajectory is analyzed in terms of principles involving conservation of 
thermal energy and the equating of the buoyant forces to the change in jet momen- 
tum. The differences in rates of momentum transfer and heat transfer are taken into 
account by the use of an overall effective turbulent Prandt! number. Available ex- 
perimental knowledge of free air jet behavior is used wherever possible to evaluate 
constants in the derived equations. 

An equation describing the path of horizontally projected non-isothermal jets can 
be formulated if the following simplifying assumptions are made: 


1. The absolute value of the air density is constant throughout the jet, but the dif- 
ferences in density are taken into account when the buoyant forces are considered. 
This assumption is valid if the temperature differences between the jet and the surround- 
ings are not too great. Temperature differences normally involved in the application 
of jets to space heating or cooling can be considered not too great. 

2. The velocity and temperature-difference profiles in the fully developed region 
of the jet can be represented by an error-function type curve or normal probability curve. 
This has been found experimentally to be a satisfactory assumption. 

3. The difference between the temperature-difference profiles and velocity profiles 
at a given section of the jet is due to the difference between heat and momentum diffu- 
sion in a turbulent jet. This difference in diffusion rate can be expressed by the use of an 
overall effective turbulent Prandtl number. 

4. The rate of spread or expansion of the temperature-difference and velocity profiles 
are constant along the curved trajectory of the air jet, but differ in value due to the 
difference between heat diffusion and momentum diffusion. 

5. The velocity and temperature-difference profiles remain symmetrical about the 
centerline of the curved path of the air jet. See Fig. 1. 

; 6. Thermal energy (or enthalpy flow) is conserved along the curved path of the air 
jet. 

7. In order to mathematically solve Equation 1, which is the differential equation 
of the jet trajectory, and to derive Equation 2, an assumption was necessary that the 
slope of the jet trajectory is not too great. 


Comparison WitH Test Data 


In Fig. 2, Equation 2 is compared with test data obtained by Nelson and Stew- 
art’ on chilled air projected into a room from outlets of various dimensions. Equa- 
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tion 2 is plotted for a value of a/b + 1 equal to 2.54 which corresponds to an overall 
effective turbulent Prandtl number of 0.7 in Equation 3. A value for K of 6.5 was 
selected for the plot of Equation 2 in Fig. 2. With a Np,; equal to 0.7 and a K of 
6.5 Equation 2 becomes: 


0.065 (X/Do)? = +(Y/Do) . . (5) 


which is the equation plotted in Fig. 2. 
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Fic. 2. CENTERLINE TRAJECTORIES OF CHILLED AIR 
Jets IN A ROOM FROM RECTANGULAR OPEN HOLES 
COMPARED WITH EQUATION 2 (FROM DATA REPORTED 
By D. W. NELSON AND D. J. STEWART®) 


The test points of Nelson and Stewart lying on the termination of the dotted 
portion of the curves defining the jet path as shown in Fig. 2 are not compared 
on the plot with Equation 2 because the chilled air jet paths had already been in- 
fluenced by the floor. The paths of the air jets shown in Fig. 2 were determined by 
means of smoke and by velocity traverses made with a deflecting vane type ane- 
mometer. 

In Fig. 3, Equation 2 is compared with test data obtained by Van Alsburg‘ on the 
trajectories of heated and chilled air jets from a 12- x 6-in. grille. Note the relatively 
low momentum force and large buoyant force (V,”/BAt,gD. = 3.84) for the trajec- 
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tory defined by curve ‘‘a’’. The same values for K and Np,; were used in plotting 
Equation 2 in Fig. 3 as in Fig. 2. The paths of the air jets shown in Fig. 3 were de- 
termined by means of smoke discharged through the outlet. In his tests Van Als- 
burg also determined the path of an isothermal jet for comparison with the paths 
of the heated and chilled jets. The slight downward path of the isothermal jet shown 
in Fig. 3 is probably caused by room air currents external to the jet, and serves 
to emphasize the effect of extraneous disturbances on the trajectories of jets. 
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Fic. 3. CENTERLINE TRAJECTORIES OF HEATED AND 

CHILLED AIR JETS FROM A 12 X 6 IN. GRILLE COMPARED 

WITH EQuaATION 2 (FROM DATA REPORTED BY J. H. VAN 
ALSBuURG®) 


In Fig. 4, Equation 2 is compared with test data obtained by Greenlaw and Hart’ 
on chilled air jet paths from a 24- x 6-in. grille for different outlet velocities and for 
a temperature difference of 15 deg below room temperature. The agreement be- 
tween test data and Equation 2 is good even for the lower outlet velocities. The same 
values for K and Np,; were used in plotting Equation 2 in Fig. 4 as in Fig. 2. The 
paths of the air jets shown in Fig. 4 were determined by means of smoke discharged 
through the outlet, and were checked by probing for the edge of the jet by a direct 
reading anemometer. 

From the tests made by Greenlaw and Hart,’ they conclude that neither grille 
aspect ratio, nor breaking up the air stream into individual jets at the grille, nor 
converging the individual jets had any effect on the drop of the air stream. 

In Fig. 5 Equation 2 is compared with test data obtained by Nottage! on the 
path of the centerline velocity axis of a chilled air jet from a 6 in. nozzle with an out- 
let velocity of 500 {pm and a temperature difference of 39 deg below room tempera- 


) 
1 
y 
y 


218 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND AIR-CONDITIONING ENGINEERS 


ture. The same values for K and Np,; were used in plotting Equation 2 in Fig. 5 as 
in Fig. 2. Nottage’s test data indicate a parabolic trajectory or a slope of two for 
the test points in Fig. 5 compared to a slope of three according to Equation 2. The 
path of the chilled air jet centerline velocity was determined by means of velocity 
traverses made by a specially designed heated thermocouple anemometer.! 
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Fic. 4. CHmLLED Air JET TRAJECTORIES FROM A 24- X 6-IN. GRILLE 
COMPARED WITH EQUATION 2 (FROM DATA REPORTED By A. L. 
GREENLAW AND T. S. HArt’) 
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Fic. 5. CENTERLINE TRAJECTORY OF A 

CHILLED JET FROM A 6-IN. NozzLE Com- 

PARED WITH EQUATION 2 (FROM DATA 
REPORTED BY H. B. NottaGe!) 
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Fic. 6. CENTERLINE TRAJECTORIES OF CHILLED JETS 

FROM A 1-IN. NOZZLE COMPARED WITH EQUATION 2 

(FROM DATA OBTAINED AT CASE INSTITUTE OF TECH- 
NOLOGY) 


In Fig. 6, Equation 2 is compared with test data obtained at Case Institute of 
Technology on the path of chilled air jets discharged from a 1-in. nozzle at different 
velocities and temperatures. Note that Equation 2 is plotted in Fig. 6 for two dif- 
ferent values of K but for an overall effective turbulent Prandtl number of 0.7 in 
both cases. The paths of the chilled air jets were made visible by titanium tetra- 
chloride smoke generated in a plenum chamber on which the nozzle was mounted. 
A photograph was taken of the smoke pattern and the trajectory coordinates were 
visually measured on this photograph, then plotted in Fig. 6. When the drop in 
diameters of the centerline velocity axis of the jet is about 5, an error of +1 diameter 
is possible when visually evaluating the centerline locus of the smoke pattern from 
the photograph. In addition, errors may result from the fact that the diffusion of 
smoke in an air jet involves the turbulent Schmidt number which may result in 
some discrepancy between the centerline of the smoke path and the path of the 
maximum centerline velocity axis. Fig. 7 is a typical photograph of a chilled air jet 
path. 

The path of the chilled air jets emanating from a 1-in. nozzle proved to be erratic 
and to be very susceptible to ambient room air disturbances since the magnitude of 
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Fic. 7. SMOKE PATH OF A CHILLED AIR JET FROM A 1-IN. 
NozzLE SHOWING EsTIMATED MAXIMUM VELOCITY CENTER- 
LINE Axis. (Atp = 15 F; Vo = 546 FPM) 


the disturbing force is appreciable contrasted to the relatively small momentum 
force of the discharging air jet. For large nozzles the ambient disturbing forces could 
be minimized. Curtains were hung in the vicinity of the air jet to reduce the effect 
on the jet trajectory of air currents that normally exist in a large laboratory. Fig. 7 
is an instantaneous picture of a fluctuating air jet trajectory, and therefore, the 
data plotted in Fig. 6 should be statistically evaluated. By visual examination of 
the data in Fig. 6, the curve of Equation 2 for a K of 4 seems to be the better statis- 
tical representation of the data. The agreement of the data with this lower K value 
is to be expected, due to the relatively low Reynolds numbers involved in air jets 
from a 1-in. nozzle. Note that the tabulated Reynolds numbers in the legend of Fig. 
6 are low contrasted to the Reynolds number values (3 x 10*) that should be 
realized for K values greater than 6. 

Data obtained at Case on the rise of horizontally projected heated jets from a 
2-in. nozzle are presented in Figs. 8 and 8a. The data were evaluated from photo- 
graphs of smoke patterns using a procedure similar to the evaluation of the data 
presented in Fig. 6. In Fig. 8 it can again be noted that the data tends to group 
around a K value which is lower than 6.5 due to low Reynolds numbers at the jet 
discharge. (See Fig. 8a for tabulated values of Reynolds numbers). Even though 
considerable scatter exists for the data shown in Fig. 8, the trend is for the test 
points to band with a spread of approximately + 50 percent around some estimated 
mean curve through the data. Fig. 9 shows a typical photograph of the smoke path 
of a heated jet. 

In Fig. 10 is shown a summary of the test data on the heated and chilled jet 
trajectories presented in Figs. 6 and 8, and an envelope encompassing all of the test 
points in Figs. 6 and 8 is illustrated and compared with Equation 2 for two values of 
K and for a turbulent Prandtl number of 0.7. 

The author believes that certain refinements in experimental technique and test 
equipment would have reduced the spread in the experimental test data shown in 
Figs. 6 and 8 to approximately +25 percent. 


PRACTICAL EXAMPLE 


Asa simple example in finding the drop of a horizontally projected chilled air jet, 
consider a 1 ft diameter nozzle discharging chilled air with a temperature difference 
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of 20 deg and with a velocity of 1000 fpm. The room air temperature is 75 F. It is 
required (a) to find the drop of the maximum centerline velocity axis at a distance 
of 30 ft from the nozzle, and (b) to determine the drop of the lower edge of the chilled 
air jet also at a distance of 30 ft. 

The ratio of momentum to buoyancy is 


V.2/AtoBgD. = [(1000/60)? X (460 + 75)]/(20 X 32.2 X 1) = 230 
Assuming a K equal to 6.5 and a Np,; equal to 0.7 the drop of the maximum 


centerline velocity axis computed from Equation 2 or Equation 5 is: 
Solution (a): 


0.065 X 1/230 X (30/1)? = Y/1 
Ve aT, | 
7000 Symbol | (ft/min) | (heated)| gAt.gD. (Na), 
/ 
a > 658 22 547 | 10740 
/ahp 4 600 38 264 | 9820 
3009 426 45 112 | 6960 
esse 7 518 40 187 | 8470 
834 22 879 | 13620 
x AP: ® | 1320 2! 2300 | 21600 
1000 | 1380 20 | 2650 | 22600 
605 20 510 | 9910 
600 720 20 720 | 11770 
| 212 14 90 | 3470 
Y 4 215 20 64 | 3510 
4 216 26 50 | 3530 
v | 27] 3 42 | 3550 
| 217 | 38 38 | 3550 
<5 219 44 31 | 3590 
100 af o | 1030 | 28 | 1043 |16780 
80 © | 1040 27 1108 | 17000 
sol & | 1030 27 1090 | 16800 
50 + - 861 34 606 | 14100 
40 4 654 25 476 | 10700 
654 24 495 | 10700 
660 31 390 | 10800 
= 748 37 419 | 12200 
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Solution (b): Since the jet boundary expands with a natural free angle of about 20 
deg‘, the distance of the lower edge of the chilled jet from the maximum centerline 
velocity axis will be approximately (assuming that the slope of the trajectory is not too 
great), 


30 X Tan 20°/2 = 5.3 ft 
The drop of the lower edge of the chilled air jet is therefore, 
5.3 + 7.7 = 13 ft 


CONCLUSIONS AND RECOMMENDATIONS 


Equation 2 indicates the important variables for exploring the trajectories of 
horizontally projected non-isothermal jets. Equation 2 has been compared with 
test data for ratios of momentum to buoyancy (V,2/8Af,gD,) ranging from about 4 
to 4000. 

The validity of the trajectory equation has been checked to an approximation 
by experimental results, but suggestions are made for additional experimental work 
to refine the constants in the equation and to reveal additional variables. The agree- 
ment between the analyses and the data in its present form does not necessarily 
give a broad validation of either the data or the theory. 

No attempt has been made to estimate the coefficients of discharge or the effec- 
tive free areas of the grilles and outlets presented in this paper or to include these fac- 
tors in the test points when comparisons are made with Equation 2. It is understood 
that the neglecting of the effective free areas and the coefficients of discharge would 
account for some of the deviation of test data from Equation 2. 

Simplifying assumptions have been made in the analytical treatment of the jet 
problem, and the further experiment is necessary to indicate the seriousness of 
actual deviations from each individual assumption. 


SMOKE PATH OF A HEATED AIR JET FROM A 2-IN. 
Nozz_e. (Ato = 26 F; Vo = 216 FPM) 
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’ Equation 2 is recommended for engineering use, pending its refinement by more 
rigorous experimental work. Equation 2 is not to be considered exact until full 
experimental verification is accomplished and any limitation on the empiricism de- 
termined. 
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APPENDIX 


HypRAuULIC ANALOGY 


An analytical comparison between the trajectory equation of a water jet in air and a 
heated or chilled air jet in air may provide an insight into the general nature of the paths 
assumed by fluid jets under the influence of gravity forces. 

For a water jet discharged horizontally into air the trajectory is parabolic and is 
defined by the following equation which can be found in any standard text on fluid 
mechanics: 

x2 


V2 
If the distances X and Y are expressed in terms of diameters, Equation A-1 can be 


restated as follows: 
1Dg({X\?_ 


In hydraulics the square root of the ratio of momentum or inertia forces to gravity 
forces is called the Froude Number and is written as follows: 


y 
Vel 


where L is a characteristic length and is usually the depth of the liquid in the case of 
open channel flow. For a water jet discharged from a nozzle into ambient air, the char- 
acteristic length, ZL, can be taken as the diameter of the nozzle; therefore, Equations A-2 
and A-3 can be combined to obtain the following equation: 


a 


Equation A-4 states that the path of a water jet in air depends on the Froude Number 
evaluated at the nozzle. 
Equation 2 derived for an air jet can be transformed into an equation similar to 


Equation A-4. The dimensionless parameter —— rv BE De , which is the ratio of momentum or 


inertia force to the buoyant or gravity forces, can also be represented by the Froude 
number; therefore, Equation 2 becomes: 


i 
. 
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Since both the heat and momentum diffusion of a jet of heated or chilled water into 
air might be considered negligible, the Prandtl number for this case becomes unity and 
the ratio a/b computed from Equation 3 becomes equal to one. Also the length of the 
apparent constant velocity zone, K in Equation 2, or the zone of potential flow extends 
indefinitely for a water jet in air due to negligible mixing of the two fluids. If the trajec- 
tory slope is not too great, K becomes approximately equal to X/D, and Equation A-5 


now becomes, 
2 


which is approximately the same as Equation A-4 derived for a water jet only. The 
comparison between Equations A-4 and A-6 provides an indication that the general 
nature of the results presented in this paper may have utility in other technical fields 
such as meteorology, oceanography, and hydraulics. 

Since one of the constants in Equation 2, namely K, seems to vary with the Rey- 
nolds number evaluated at the outlet, one might be inclined to generalize the trajec- 
tory equation into the following dimensionless form: 


where £ expresses a general function. The dimensionless variables in Equation A-7 
may form the basis of a more exact trajectory equation if the form of equation is de- 
termined by experimentation. 


MOMENTUM ANALYSIS 


A typical path assumed by a horizontally projected chilled air jet under the influ- 
ence of buoyant forces is schematically illustrated in Fig A-1. 

The total jet momentum acting tangent to the centerline velocity axis at any distance 
from the nozzle is, 


r= @ 
r=0 


Fic, A-1, DIAGRAM OF THE PATH ASSUMED BY A CHILLED AiR JET Dis- 
CHARGING HORIZONTALLY FROM A NOZZLE 
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Pressure difference forces are considered negligible in the free jet. Fig. A-1 is the dia- 
gram to which Equation A-8 is applied. 

A normal probability-type velocity distribution can be assumed for the jet-velocity 
profile having the form of, 


where the factor a can be called a shape factor since its value determines the width of 
the profile for a given value of the centerline velocity, Ve. 


If the function of V in Equation A-9 is substituted into Equation A-8 and the inte- 
gration is accomplished, the following equation is obtained: 


_ 


At any distance from the nozzle, the component of the total jet momentum, Msg, 
in the X direction is, 


r=0 


and the component of the total jet momentum, Msg, in the Y direction is, 
r= 
r=0 


The ratio, My/Mx, of the jet momentum is, 


r= 2 


Mx Cos @ dx 
Cos 0 V2rdr 
r=0 


Heat FLow ANALYsIS 


If it is assumed that the temperature-difference profile in a non-isothermal air jet 
can also be defined by a normal probability curve, we have, 


where } is the shape factor for the temperature-difference profile. (6 will not have the 
same value as a in Equation A-9 due to the difference in rates of momentum and heat 
diffusion.) 

The heat flow or enthalpy flow in a direction tangent to the centerline velocity axis 
at any distance from the nozzle is, 


r= 


r=0 

If the function of V in Equation A-9 and the function of At in Equation A-14 are 

substituted into Equation A-15 and the integration accomplished, the following equa- 
tion is obtained: 

yCprAte Ve 
Qs (A-16) 


The enthalpy flow at the nozzle discharge is, 
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If enthalpy is conserved, Equations A-16 and A-17 can be equated, and we have, 


yCprAt. Ve 
VAtoy Cp a+b 


and 


_ DetVebto(a + b) 


(A-18) 


Af, 


Buoyant Force ANALYSIS 


The buoyant force at any cross-section of a non-isothermal jet can be determined 
from the assumed temperature-difference profile, 7.e., Equation A-14. The buoyant 
force per unit volume for a gas is yBAt where 8 is the coefficient of expansion and is 
equal to 1/T, for a perfect gas. 

The buoyant force F at a given stream cross-section dS in length is, 


r= 0 


F = [ 
r=0 


If the function of At in Equation A-14 is substituted into Equation A-19 and the 
integration accomplished, we have, 


b 


(A-20) 


SHAPE FACTORS a AND 0 AS A FUNCTION OF THE PATH, S 


Assuming a uniform expansion of the air jet along its trajectory in the S direction, 
a ratio V,/V_. measured along an arbitrary expansion line drawn through 7 at V; be- 
comes independent of X. The ratio Vi/V_. could be taken as, say, one half. This is 
also the condition of dynamic similarity of the velocity profiles at any point along the 
jet path. Also, 


dr 
dS 


and Equation A-9 can be written as 


=m Copstent, .... « 


= Constant = e—*"’, 
and ar? = Constant. ..... .. « « (A-22) 
Integrating Equation A-21 we have, 


where the constant of integration is zero. Combining equations A-23 and A-22 we have, 


when C, is a constant. 
A similar analysis on the temperature-difference profile gives, 


= & 


(A-25) 


where C; is a constant. 
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The apparent point sources for the velocity profile and for the temperature-difference 
profile are assumed to lie on the face of the outlet so that both of the path lengths, S, 
in Equations A-24 and A-25 are the same. 


DERIVATION OF EQUATION 


For horizontally projected non-isothermal jets the Y component of the total jet 
momentum changes due to the action of the buoyant forces. An equation in the form 
of F = +d(My) can be written, and expressions already derived for the buoyant force 
and momentum substituted. The plus or minus sign indicates an increase or decrease 
in momentum depending on the direction of the buoyant force or whether the jet is 
heated or chilled. 

The X component of the total momentum is conserved since no external forces are 
assumed to act in the horizontal direction; therefore, Mx = Mg. 

Since F = +d(My), by means of Equation A-13, 


dY 


ix (A-26) 


F = +d(Mx Tan @) = + Mxd ( 


2 
Also M, = —_ pV.2 = Mx, which can be substituted into Equation A-26, to give, 


_ sD? 
pved(Sy): 


Substituting Equation A-26 into Equation A-27, we have 


Eliminating Aft, from Equation A-28 by substitution of Equation A-18, we have 


Ato(a/b + 1)BgdS _ () 
VoV. +d dX . . (A-29) 


In Equation A-29, V, can be expressed in terms of X and Y by the following mani- 
pulation: 


Since Mx = MgCos@,onecan. ...... . (A-30) 


substitute Equation A-10 into Equation A-30, thus, 


72 


Since Mx = Mg, 


and 


By substituting Equation A-24 into Equation A-32, and noting that, 


dX 


Tp V2 
; —— = Cos 0 
2a 
Zz 
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and 
dS = + = + ax 
or 
dy? 
which also can be substituted into Equation A-3 , thus, 
dY\?}t 
pv, [1+ 


2 
| {1 + (dY/dX)?}} dX 


Let C: equal 2K,? according to the analysis presented in the Appendix of a previously 
published paper*, and substituting this value into Equation A-35, we have, 


Substituting Equation A-36 into Equation A-29, we have, 


dY\?7} 
Ate(a/b + eas | [1+ (xz) 
Substituting Equation A-34 for dS, we have 


| + (sx) | [1 + (d¥/dx) dx = (A-38) 


(A-37) 


The left term of Equation A-38 can be rearranged to obtain the following form of 
equation, 


The term ae is a dimensionless ratio of the buoyant or gravity forces to the 


momentum or inertia forces at the nozzle. The term a/b is a function of the over-al! 
effective turbulent Prandtl] number defined in the earlier paper as follows: 


Ky is the length of the constant velocity zone near the face of the outlet measured 
from the apparent point source as defined. Also according to the previous paper, if 
the apparent point source is assumed to lie on the face of the outlet, K, becomes equal 
to K. Experimental indications are that K is a function of the Reynolds number for 
low values only. From tests on nozzles K is approximately 6.0 to 6.5 for the higher 
values of the Reynolds number. Assuming the apparent point source as determined 


* ASHVE Researcu Report No. 1512—Computing Temperatures and Velocities in Vertical Jets of 
Hot or Cold Air, by Alfred Koestel (ASHVE Transactions, Vol. 60, 1954, p. 385). 


| 

( Ve )( NE + (sx) | {1 + dX = (A-39) 
1+ 
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by the velocity profile of the jet to lie on the face of the discharge nozzle, Equation 
A-39 can be restated as follows with K replacing Ky, 


“Gal (cx) [ [1 + dX = (A-40) 


In order to derive a trajectory equation from Equation A-40, an approximate solu- 
tion may be obtained if the assumption is made that the slope of the trajectory dY/dX 
or Tan @ is not too great. This assumption makes the term [1 + (dY/dX)?]* and 
{1 + (dY/dX)?]* in Equation A-40 approximately equal to unity. 

With this approximation, Equation A-40 becomes, 


xX 
(a/b + 1)(1\ fay _ 
( ) dX = +7, - + (A-4l) 


which can be readily solved by integration. 
Performing the integration we have, 


AtoBgD.o + 1) + 
Integrating Equation A-42 again, we have, 
AteBgDo\ (a/b +1) ._ 
(° wr mer *z: 


where C is a constant of integration and is equal to zero, because when X equais zero, 
dY/dX equals zero. 
Integrating Equation A-43 we have, 
AtBgDo\ (a/b + 1) 1 X? 
where C is a constant of integration and is equal to zero, because when X equals zero, 
Y equals zero. 
Expressing both Y and X in terms of diameters, Equation A-44 can be stated as 


(a/b + 1) 
Ve 6K 


When the Npr: is taken as 0.7 and K equals 6.5, Equation A-45 becomes 


“ah 


0.065 (X/De)} = +Y/Do. .. « (A-46) 


Equation A-46 is an approximate trajectory equation from which the drop or rise 
of horizontally projected chilled or heated jets can be computed. Equation A-46 is 
compared with test data in the main body of this paper. 


DISCUSSION 


H. B. NorraGce, Encino, Calif, (WRITTEN): Useful results, obtained by any reason- 
able means whatever, are always welcome additions to the engineering literature. 

Having reached the present status, what does the author propose should be done 
regarding the unfilled fundamental needs? 


S. F. GitmMan, Syracuse, N. Y., (WRITIEN): This is a very complex problem indeed 
and the author is to be congratulated for attacking it. 

The slope of 3 in the approximation given by Equation 2 seems to be greater than 
that indicated by most of the data, the exception being Fig. 6. What needs to be 
pointed out is that Eq. 1, the exact equation, yields slopes increasingly above 3 as 


= 
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X/D, increases. Referring to Fig. 5, the exact equation would start out along the 
line of Equation 2 (K = 6.5) and then turn upward above the present curve. There- 
fore, it looks as if the approximate equation, Equation 2, yields better correlation than 
the exact equation, Equation 1, which should not be expected if the assumptions are 
reasonably valid. It may be that an important factor has not been considered in the 
development of the equations. 

In any case, Equation 1, should be solved probably by numerical methods, for at 
least one condition, and compared with Equation 2. Certainly the restriction that 
the slope not be too great seriously limits the range of applicability of Equation 2. For 
example, since the term (dY/dX)* in Equation 1 must be small in comparison with 
unity, a reasonable upper limit would be 5 percent of one, or 0.05. For this condition, 
dY/dX = 0.224 which corresponds to an angle of 13 deg. Therefore, it can be ex- 
pected that Equation 2 and Equation 1 will begin to deviate from each other quite 
markedly as the angle increases above 13 deg. The portion of the trajectory along 
which Equation 2 holds would then be only a small part near the nozzle (possibly out 
to the vertical white background line in Fig. 7). At an angle of say 45 deg, where 
(dY/dX)? is equal to unity, Equation 2 would certainly not be valid. As previously 
stated, this looks like a case where the approximate equation provides a better fit than 
the exact. A considerable amount of additional analysis is evidently necessary, and 
it is hoped that Professor Koestel will pursue this problem further. He has done his 
usual fine job, but we still have a long way to go before we really understand the phe- 
nomena involved. 


W. O. HuEBNER, Peekskill, N. Y.: This is another fine paper in the series of papers 
on air distribution, resulting from basic research at Case Institute of Technology. It 
may be of interest to note here that these papers are not only well-known in the United 
States, but that they are widely quoted in the literature of foreign countries such as 
Switzerland, the Scandinavian Countries, Germany, and others. 

The new formula for the drop in height of horizontally projected chilled or heated 
jets developed by Professor Koestel is of immediate practical value in evaluating 
the performance of side wall outlets. To make it available for engineering use it is 
recommended to incorporate it into THE GUIDE at an early date. 

As Chairman of the TAC Committee on Air Distribution, I would like to add a few 
words on some other work which we may expect from Case Institute. 

We will have two more papers from Case Institute in the near future. The first of 
these papers deals with the performance and evaluation of room air distribution sys- 
tems, which is not only a subject of practical interest, but also quite controversial. 
The other paper deals also with the very practical problem, namely, the performance of 
two parallel ventilating jets. Of course, we would like to know what happens if we 
put two air outlets too closely together. Then there is a third paper in preparation 
on radial outlets, which will be presented in the near future. 

Professor Tuve has suggested—and the members of the TAC wholeheartedly agree— 
that it would be valuable to have in a single research bulletin the coordinated results 
of the research at Case Institute of Technology, dealing with air flow patterns from 
round, rectangular and slot type outlets, perforated panels, radial outlets, circular 
diffusers and typical residential installations. 

I am convinced that you will concur with me if I ask Professor Koestel seriously to 
consider the preparation of such a bulletin. 


AutHor’s CLosureE: In answer to Dr. Nottage’s question as to what should be done 
regarding the unfilled fundamental needs, I can only say that what we have been doing 
is not fundamental research but problem solving or analysis. We take what is made 
available from fundamental research and formulate useful engineering equations. 

I am not sure what should be done as far as fundamental research is concerned, but 
I do know that we still have work to do in the laboratory developing more practical 
empirical equations for use in air distribution problems. Prof. Linn Helander of Kan- 
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sas State College is doing an outstanding job in the laboratory along this line. We are 
still in a position where we rely on basic researchers for our fundamental needs. 

Dr. Gilman has made an excellent contribution to the discussion of our paper. It 
takes a lot of time and effort to dig into the mathematical details of this paper. The 
approximate Equation 2 has at least revealed the variables that should be considered 
when correlating test data. This is the important point. I am afraid that further 
mathematical analysis will only satisfy academic curiosity. However, | may be wrong 
so if time permits additional analyses will be made. More progress can probably be 
made if the general Equation A-7, Y/D, = J(X/Do, Nr, Nert, Nv) appearing in the 
Appendix of this paper is evaluated experimentally. So far the mathematical analysis 
has not revealed the effect of the Reynolds number on the drop of the jet. 

I am indebted to Mr. Huebner for his contribution to the discussion of this paper. 


NOMENCLATURE 


shape factor for the velocity pro- or below the ambient tempera- 
file. ture, Btu per second. 
= shape factor for the temperature Qs = heat flow or enthalpy flow of the 
difference profile. jet in a direction tangent to the 
= constant pressure specific heat, centerline velocity axis at distance 
Btu per (pound) (Fahrenheit de- X from the nozzle, Btu per sec- 
gree). ond. 
constant of integration. radial distance from centerline 
constant of integration. axis, feet. 
constant of integration. radial distance from centerline 
nozzle diameter, feet. axis to where V = Vj, feet. 
buoyant force at any distance X, distance measured along the 
pounds. curved trajectory of a horizon- 
acceleration due to gravity, feet tally projected non-isothermal jet, 
per (second) (second). feet. 
distance from nozzle face to the absolute temperature of the am- 
termination of the apparent con- bient air in degrees Rankine. 
stant velocity zone in diameters. air velocity at r, feet per second. 
K is the familiar constant of pro- air velocity at ri, feet per second. 
portionality for air jets‘. V’ maximum centerline air velocity 
distance from apparent point at distance X, feet per second. 
source to the termination of the air velocity at the discharge out- 
apparent constant velocity zone, let, feet per second. 
in diameters. horizontal distance from the ap- 
total jet momentum tangent to parent point source (assumed to 
the centerline velocity axis at be located on the nozzle face) 
distance X from the nozzle, based on the velocity profile, feet. 
eae. vertical displacement of the maxi- 
orizontal component of the total mum velocity axis, feet. 
jet momentum, Ms, at distance 8B = coefficient of expansion. For a 
X, pounds. perfect gas 8 equals 1/7, where 
vertical component of the total T, is the absolute temperature of 
jet momentum, Msg, at distance the ambient air in degrees Ran- 
X, pounds. kine. 
= overall effective turbulent Prandtl , = density, pounds per cubic foot. 
number of the non-isothermal jet. air-temperature difference in jet 
ratio of the square root of the at r, Fahrenheit degrees. 
momentum force to buoyant force maximum centerline air-tempera- 
of gravity force and equal to ture difference at distance, X, 
eas Fahrenheit degrees 
V V.2/BAtogDo air temperature difference at the 
discharge outlet, Fahrenheit de- 
for a gas (also equal to the Froude grees. 
number in hydraulics). density, slugs per cubic foot. 
Reynolds number. angular slope of the maximum 
heat flow or enthalpy flow of the velocity axis in degrees (see Fig. 
jet at the nozzle measured above A-1). 
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AIR CONDITIONING OF MULTI-ROOM BUILDINGS 
By R. W. WATERFILL*, NEW YorK, N. Y. 


HERE ARE several basic air conditioning systems and many modifications 

of each are presently applied to multi-room buildings. Principal ones are the 
single-duct primary with room secondary, the dual-duct, conventional low pressure 
central station, and room-unit systems. The single-duct primary and dual-duct 
systems will be compared in detail here and the other systems will be discussed 
generally. 


SINGLE-DuctT PRIMARY SYSTEM 


Fig. 1 illustrates the single-duct primary system. It takes outdoor air, or a 
mixture of outdoor air with a small quantity of return air, which is filtered, cooled, 
and delivered in fixed proportions to each room unit. While it is possible to use 
only ventilation air in the primary with no recirculation return to the central ap- 
paratus, this is desirable only if ventilation requirements are relatively large. 

Air is delivered at the room units under sufficient pressure to induce room-air 
recirculation flow through the room-unit coils, where it may be heated or cooled. 
The ratio of room-air circulation to primary air supplied may be 3 to 1 in volume 
and may range from 1 to 1, to 2 to 1 in room sensible heat capacity, being governed 
by noise levels, secondary condensation, air changes, and similar variables. The 
room coils are supplied with warm or cold water according to the operating needs 
of a particular zone, which accounts for the careful zoning required. At the peak 
of the cooling or heating season, the primary and secondary functions are the 
same, but at intermediate seasons the primary system may tend to overcool some 
rooms so that secondary reheat must be available in the room coils. Both air 
and water should be carefully zoned to have the necessary flexibility in each space 
conditioned. 


DvuaL-Duct SysTEmMs 


Fig. 2 outlines the basic air handling and distributing principle of the dual-duct 
one-fan system. The entire air supply is filtered and delivered to warm and cold 


* Vice President, Buensod-Stacey, Inc. 
Presented at the 61st Annual Meeting of THE AMERICAN SociETY OF HEATING AND AIR-CONDITIONING 
ENGINEERS, Philadelphia, January 1955. 
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air distributing ducts. The flexibility of the warm and cold air dual supply insures 
individual room temperature control rather than zone control at all seasons of 
the year. 

Among the principal advantages of the dual-duct system are its flexibility and 
automatic response to shifts in demands, without the necessity of cycle change- 
over as required by systems using warm or cold air or water alternately in a single- 
duct or water-pipe distributing network. Mixing units in each room draw air 
from both the warm and cold ducts in any desired proportion to satisfy the in- 
dividual room temperature. Since there are two ducts, there is some tendency 
for the air volume at each outlet to vary. While this in no way affects tempera- 
ture control, it could disturb distribution and air movement. Volume is, there- 


RETURN AIR AIR MIXING UNIT 
FAN 
max = COOLING 


PUMP 

CHILLED WATER CIRCUIT 
777 7 

APPARATUS ROOM 


Fic. 1. SINGLE-DucT PRIMARY SYSTEM Fic. 2. DUAL-pucT ONE-FAN SYSTEM 


fore, maintained uniform by one of two means: (1) in zones by static pressure 
regulators, or (2) by volume regulators at each outlet. 

Fig. 3 shows another dual-duct system, but with two fans arranged so as to 
effect a practical separation of return and outside air. Otherwise, its operation 
is the same as the dual-duct one-fan system. It is slightly more expensive and 
requires more apparatus floor space but it reduces refrigeration and reheat oper- 
ating costs and maintains stable humidity over a wide range of conditions without 
reheat. Its advantages increase as the latent heat loads increase. 

In the cooling season the warm air supply of the dua!-duct systems is main- 
tained at about room temperature, so that reheat is not ordinarily required, but 
it could be obtained in the separate warm-air duct by economical reverse cycle 
means, that is, from the refrigerant condenser. In the heating season, cooling 
and dehumidifying are obtained from outdoor air. This system is flexible and 
stable so that even a room with no internal heat load can achieve good control 
from the heat available from loaded rooms on the system. Heat generated in 
one area is automatically transferred to another heat-deficient room to produce 
good control without the addition of external heat from an artificial source. 


CONVENTIONAL LOW-PRESSURE SYSTEM 


The conventional low-pressure system has long been used where air conditioning 
load patterns are relatively stable and where recirculated air can be returned to 
the central conditioning apparatus for treatment or by-passed as zone conditions 
require. Control is accomplished at the central apparatus, thus is not flexible 
enough for multi-room applications. 


4 
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HIGH-PRESSURE CENTRAL SYSTEM 


Fig. 4 shows a high-pressure central system which uses reduced air volumes at 
high temperature differentials, and relatively high duct velocities. Its single 
supply temperature for each zone is established in the central plant: thus varia- 
tions in individual rooms must be compensated for by throttling the air supply 
volume. Reductions of more than 25 percent upset distribution and circul.:tion. 
When 100 percent outside air is supplied to the enclosure, heat and refrigeration 
requirements are excessive and adequate relief or exhaust means must be provided. 
Windows are unsatisfactory reliefs since they admit noises, dirt, and wind and 
are unpredictable. For this and other reasons, this system is not included in the 
detailed analysis. 
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Room-Unit SysTEMS 


Room-unit systems are of dubious adaptability to multi-room buildings, chiefly 
because of their control and ventilation characteristics. They are either filter fan 
and coil units which are supplied with chilled or hot water from a central plant, 
or self-contained units which include a refrigerating system. The electric wiring, 
water, ventilation, filtering, humidity characteristics and servicing of a vast number 
of such units generally precludes their consideration in large buildings. Servicing 
problems tend to multiply with time. For interior zones, ventilation and con- 
denser problems increase. The partial load performance of room units is also 
poor, resulting in a high seasonal average power consumption. 


VENTILATION AND FILTERING 


Ventilation is a vital function of air conditioning. Present air conditioning 
practice generally provides more positive and generous ventilation than was ever 
enjoyed in non-air-conditioned buildings and possibly even in some sections of 
open-air sports stadiums. 


Good engineering demands that the thermal and circulation requirements be 
considered independently of ventilation. The proper design approach is to de- 
termine ventilation requirements from the nature of the occupancy and accepted 
codes or practices of recognized groups. Excessive or fixed ventilation can be 
wasteful. 
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Fig. 5 gives some indication of the cost of outdoor air at temperature extremes. 
For instance, a cooling system using 100 percent outside air at 75 F wet bulb re- 
quires a refrigeration plant capacity considerably in excess of a system restricted 
to ventilation needs at these peak conditions. Assuming for illustration an average 
internal sensible heat load of 25 Btu per (hr) (sq ft) of floor area and a 50 F cold- 
air supply temperature, the calculated air volume required to maintain an 80 F 
room temperature is 0.80 cfm per sq ft. Fig. 5 shows that if this total volume 
is taken from outdoors, the refrigeration demand due to the ventilation air would 
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Fic. 5. VENTILATION LOAD PER SQUARE Foot OF 
FLoor AREA 


be 0.0024 tons per sq ft of floor area for the example illustrated, whereas if the 
outdoor air is limited to the ventilation requirement of 0.20 cfm per sq ft, the re- 
frizeration demand due to the ventilation air would be 0.0006 tons per sq ft. The 
corresponding total load would be 0.00508 and 0.00328 toms respectively. This is 
not an extreme case, yet the use of 100 percent outdoor air would require a re- 
frigeration plant 1.55 times as large as need be. 

When outdoor air wet-bulb temperatures are lower than interior wet-bulb 
temperatures, it is decidedly advantageous to make use of available outdoor air 
to reduce the cooling load and to reduce the required hours of operation of re- 
frigeration equipment, as shown in Fig. 5. 

For example, if the outside air is limited to the minimum ventilation value of 
0.20 cfm per sq ft at 55 F wet bulb, its cooling capacity in an 80 F room is only 
0.0005 tons. This still leaves approximately 0.0015 tons per sq ft mechanical 
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refrigeration requirement, allowing a transmission load reversal of 0.0007 tons. 
However, utilizing the full system capacity of 0.80 cfm outside air per sq ft or four 
times the minimum, provides 0.002 tons cooling capacity and permits shutting 
down the mechanical refrigeration system. 

During the heating season, the penalty of 100 percent outdoor air is even greater, 
the required capacity of the heating plant being nearly double that of a system 
which provides for recirculation. There are special situations like certain hospital 
wards where recirculation between zones is not permissible, but this does not alter 
good practice in general multi-room structures. 

The purpose of ventilation is the dilution of impurities. Present tendencies 
are toward overemphasis, except in public enclosures like subways. Window area 
is often used as a ventilation index, though windows in non-air-conditioned struc- 
t res are often closed, weather-stripped and sealed. Offices on the leeward side 
of such buildings get no direct ventilation, the windows serving merely as air 
relief vents for the rest of the building. Windows in non-air-conditioned structures 
are generally opened only for the available cooling effect of outside air and not for 
true ventilation purposes. 

Ventilation should be based on some fixed criterion such as cubic volume or 
square feet of floor area of the conditioned space or on the population density, 
and should take into account the activity in the building. Industrial fumes and 
food odors require special treatment not considered here. Basing ventilation on 
percentage of fan capacity is erratic. Current ventilation standards, when ad- 
hered to, result in a high purity of the air in conditioned spaces. 

Another desirable function of air conditioning, rivaling ventilation, is physical 
cleanliness of the air. Conditioned air in cities should be, and generally is, cleaner 
than outdoor air. Some dirt originates within the conditioned space itself and 
is being constantly raised and resettled. A desirable feature of returning recir- 
culated air to a central apparatus is that a large volume of the room air and dust 
can be filtered in efficient types of filters. The maintenance of a central filter 
system is more effective and the cost of air filtration is lower than for similar usage 
in a dispersed filter system. The cleaning of room units, if not equipped with 
efficient individual filters, is an added problem and is comparatively costly. 

The room filtered air change rate is important in maintaining high standards of 
cleanliness. When the air is recirculated through widely scattered room condi- 
tioning coils, dirt and odors tend to accumulate, with the result that ventilation 
objectives are largely lost. 

With the single-duct primary and dual-duct one-fan systems, the ventilation to 
all conditioned spaces is effective under any control position, that is, no space 
will receive less dilution of its air volume by outside air than established by the 
system adjustment. Ventilation in a dual-duct two-fan system under some con- 
ditions could be reduced, but probably not more than 10 percent in any room, if 
the warm air is maintained high enough to balance the excess cooling effect of the 
ventilation air in winter. 

With the single-duct primary system, use of outdoor air and filtering is limited 
generally to the primary air supply. The dual-duct system can supply up to 100 
percent ventilation and does filter the total air quantity at the central apparatus. 


HvumIpDITy 


Room humidity depends on the internal moisture load, the moisture content of 
the air supplied to the room and the room sensible heat or reheat. Close control 
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of relative humidity is not essential nor attempted in comfort conditioning. The 
principal comfort concern is to avoid humidities in excess of 50 percent. In winter 
the humidity will be considerably lower, condensate on windows being a deterrent 
to high indoor humidities when outdoor temperatures are low. 

Figs. 6, 7, 8 and 9 indicate the humidity behavior of installations of single-duct 
primary and dual-duct one-fan systems under assumed typical conditions. The 
cold air supply dew point temperatures have been assumed the same, at 51 grains 
per pound of air, for each analysis, so that the resulting humidities properly reflect 
the behavior of each system. The curves clearly establish the characteristics of 
each system. It is unlikely that the zone sensible heat will fall below 20 to 25 per- 
cent, as at M, for the outside conditions established and for exterior spaces. How- 
ever, the lower room sensible-heat percentages are possible for an interior zone or 
when outside dry-bulb temperatures are as low as those inside. 
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In the single-duct primary system (Figs. 6 and 7) the humidity remains constant 
for a fixed primary supply and internal moisture load, as along A, until the sensible- 
heat gain of the room drops below the cooling capacity of the primary air. The 
tendency then is to overcool the room with a resulting rise in humidity along the 
slanted lines. If the internal moisture load remains constant at 20 grains, the 
humidity rises along the solid lines, but if it diminishes uniformly to zero with 
the sensible heat from S, it will follow the broken line. The resulting drop in 
room temperature without reheat is indicated on the slanted lines. The humidity 
effect resulting from designing the system for a lower primary air volume is shown 
in Fig. 7. The smaller volume is not desirable because it would increase refrigera- 
tion operating hours and result in secondary coil condensation. 

If any room on the supply system of this or of any other single-duct system is 
devoid of internal sensible and latent heat, it will overcool unless reheat is used. 
While heat storage and leakage from adjacent spaces retard the overcooling of a 
single room, the tendency is for the room to approach the temperature of the 
primary air supply, which is cold if it has not already received reheat. Line C 
indicates the limiting condition of such a room. In order to prevent any over- 
cooling, it is necessary that reheat be available to this room with no load, and that 
either the primary or secondary circuit of the entire zone must carry reheat. One 
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difficulty is that the circuit may have to be changed over from reheat to cooling 
and back again in a few hours. 

The humidity behavior of the dual-duct one-fan system is affected by the out- 
side air moisture content. Figs. 8 and 9 are presented to show this effect. Line A 
shows the change in zone humidity with variations of room sensible heat. Reheat 
applied when this line crosses the 50 percent relative humidity line holds room 
conditions along A’. It will be noted that in both Figs. 8 and 9, reheat is not 
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needed when internal sensible heat exceeds 20 and 25 percent. Even the individ- 
ual room with no internal load, indicated by line C, maintains a temperature of 
80 F and a relative humidity below 50 percent when it is on a zone supply having 
an average sensible heat in excess of 30 percent. This is because the dual-duct 
system utilizes the excess heat of loaded spaces to reheat unloaded areas. 
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The amount of applied reheat required is the internal sensible heat deficiency, 
where the humidity begins to exceed its desired value along line A. Thus, in 
order to prevent the humidity from exceeding 50 percent and make it follow line 
A’, reheat begins where A crosses the 50 percent relative humidity line and must 
be applied in the amount /, in Btu per square foot of floor area per hr, as shown 
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in the upper scale of the figures. While reheat at these outside air temperatures 
is unlikely, it is well to have a small amount available at lower temperatures in 
the interest of good control. The dual-duct system with its separate warm air 
duct and heating coil in the apparatus room is ideally arranged to obtain this 
interim reheat from the condenser side of the refrigerant cycle. The humidity 
curve for the dual-duct two-fan system is flatter than that of the corresponding 
dual-duct one-fan system. 


TypicAL APPLICATION 


To illustrate the behavior of systems currently employed in multiroom build- 
ings, a representative New York office building, designated Building 1 (Table 1), 
with its air conditioning loads is assumed. These loads are average over the total 
floor area and are instantaneous peaks, instead of totals of all zone peaks, and will 
vary from zone to zone and from time to time. The distribution system must 
have the capacity and flexibility to meet all zone peaks and load variations. These 
comparisons will apply either to an entire building or to any segment of a building, 
including the periphery, the load averages being as assumed. Building 1 is an- 
alyzed in detail, but to illustrate the effect of heavier thermal loading, condensed 
data on Building 2 are given. In addition to assumed conditions, Table 1 sum- 
marizes unit results for both buildings, employing single-duct primary, dual-duct 
one-fan, and dual-duct two-fan air distribution systems. 


TABLE 1—HEATING AND CooLinG Loaps, PRINCIPAL AIR 
QUANTITIES AND Unit ANNUAL OPERATING Costs OF A TYPI- 
caL Mutti-Room BuILpING In NEw YoRK 


' COOLING a HEATING LOADS = BTU/HR/SO FTLAVER, REA 
2. SUMMER. 95°08 75° WB OUTSIDE AIR ROOM: WINTER OUTSIDE AIR & 72°08 ROOM 
3. BUILDING i 


‘BTU BTU | BTU SH! BTU 
4. TRANSMISSION 48 19.2 23 66 16.9 3.7 
5 soLar 6.6 | 26.4 13.0 | 37.1 
6. LIGHTS eee eee 10.7 | 42.8 12.5 | 35.7 
7 PEOPLE - SENSIBLE HEAT(iI¥4/100 SOFT) | 2.9 | 11.5 29 | 93 
& ROOM~- SENSIBLE HEAT TOTAL 25.9 |!00.0 35.0 |1000 
9 PEOPLE — LATENT HEAT 3 3.1 
10. FAN & PUMP 4.0 5.1 
VENTILATION (0.20 CFM /SQFT.:I6CFM/PERSON) 7.3 7.3 
12. INFILTRATION (0.10 CRM /SOFT) 735] 7.55 
(3% TOTAL 39.4 46.15] 50.5 34.75 
14. ‘TONS/SOFT .00328 0042 
15. FLOOR AREA /1000 TONS ~ $0 FT. 305,000 238,000 

16. COLD AIR SUPPLY TEMP. - °F 
17. PRIMARY AIR CHANGES /HR 28 53 53 3.33 74 7.4 
PRIMARY CFM./SQFT 42 80 80 -50 
20. SENSIBLE HEAT CAPACITY PRIMARY-8O°RM| 25 25 3 35 35 
$0.22 | 80.202 | 80.194 || 80.288 | s0 269 |s0.256 


22 ANNUAL OPERATING COST/TON CAPACITY 361.7 3593 

23 @ VENTILATION DURING WORK HOURS ONLY: INFILTRATION- IDLE HOURS 

24 + IF SS° SUPPLY IS USED THE REFRIG. KWHR REDUCTION: APPROX FAN KW. HR INCREASE 

25 X THESE AIR VOLUMES ARE IN HEAT BALANCE WITH THE PEAK BUILDING LOADS AND REFRIGERATION 
PLANT THE FAN CAPACITY IN EACH CASE MUST EXCEED THESE VALUES BECAUSE OF SOLAR 
ANO INTERNAL LOAD SHIFTS 


Ventilation is 0.20 cfm per sq ft of floor area, equal to 16 cfm per person, and is 
used only when the building is occupied. During nights or holidays ventilation 
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becomes infiltration of 0.10 cfm per sq ft, or equivalent to one air change every 
90 min in the building. The refrigeration load at design conditions for the two 
buildings becomes 0.00328 tons and 0.0042 tons per sq ft. A refrigeration plant 
of 1000 tons capacity is then adequate for buildings having 305,000 and 238,000 
sq ft, respectively. 

The cold air supply temperatures and primary air volumes were selected as 
representing reasonable and preferred practice, although they can be varied within 
limits. The cold air dry-bulb temperatures result from choosing a common ap- 
paratus dew point, which is established ahead of the fan of the single-duct primary 
draw-through system and after the fan of the blow through dual-duct system. The 
difference is approximately the rise after the fan of the single-duct primary system. 

If the cold air supply temperature of the dual-duct systems is increased to 55 
F, the primary air supply is also increased, but the refrigeration load and hours 
of operation of the refrigerating system are decreased, with the result that the 
combined fan and refrigeration kilowatt hours remain substantially unchanged. 
It is also possible to reduce the primary air volume of the single-duct primary 
system, but this would again extend the required operating time of the refrigerating 
system, as well as reduce primary air change in the room. Thus, slight changes 
in these assumed values would have only slight effect on the final results. 

The primary air volumes given in Table 1 are based on the combination of zone 
loads which give a maximum load for the building and correspond to the refrigera- 
tion plant capacity. Due to solar and internal load shifts such as are experienced 
in cafeterias, conference rooms and similar areas, the total of all zone peak loads 
exceeds the instantaneous total. Since the air volumes to each zone are fixed, 
they must be adequate for all zone peaks, that is, they must be in heat balance 
with all zone peaks, and therefore, the fan capacity of all systems must exceed 
these values. These volumes, therefore, have been increased 10 percent in esti- 
mating the kilowatt-input of the supply and return air fans. The primary air 
volumes also represent the filtered air supply to the rooms. 

The annual operating cost for electric power, steam and water per sq ft of floor 
area for the two buildings is almost proportional to their thermal loadings or ap- 
proximately the same on a refrigeration tonnage basis. 


REFRIGERATION AND HEAT DEMAND 


Operating costs based on peak load conditions are apt to be misleading unless 
mean load factors for the specific combinations are well known. This is particu- 
larly true in determining refrigeration power input, because of the reduced effi- 
ciency of refrigeration plants at light loads, and because some systems operate 
at reduced loads longer hours than other systems. In order, therefore, to establish 
the demand for refrigeration power and for heat in relation to changes in outdoor 
temperatures, the curves, Figs. 10, 11 and 12, were developed. Unit systems 
would have a much higher average power consumption. These curves include 
the progressive changes in heat transmission through walls, ventilation loads and 
use of extra outside air where advantageous. When the duration of outside tem- 
peratures for the various hours of the day, throughout the year, is found from 
New York City weather records, and the increments of load for each temperature 
are known, the cumulative power and heat requirements can be determined quite 
accurately. 

The refrigeration load is based on the hours indicated and on the outside air 
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wet-and dry-bulb temperature records. The kilowatt-input is based on a single 
centrifugal refrigeration compressor using a cooling tower. The refrigeration 
tonnages include full sun heat, but allowance has been made for cloudy and short 
days when outside temperatures are below 60 F wet bulb. The temperature at 
y indicates the change-over point from refrigeration to heat for a primary cold air 
supply temperature of 55 F and line x indicates the same for a supply temperature 
of 50 F. When the sun is not shining, the changeover point y on the single-duct 
primary system can be moved to 42 F outside air drv-bulb temperature. and this 
is considered in determining operating hours. 
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4 the calculations. 

For the dual-duct one-fan system (Fig. 11) the outside air volume which is 
large at x could be reduced so that refrigeration could continue along its extension 
load conditions, but in practice a small amount of reheat must be available for 
room variations and for heat load shifts for any system. It may be noted that 
with the dual-duct two-fan system there is an interval when neither refrigeration 
nor heat is indicated. 

For winter nights and holidays, or idle hours, it is assumed that ventilation will 
be reduced to actual infiltration and that a night temperature of 65 F is main- 
tained. The heat requirements at these periods are the same for each of these 
4 systems. 

The distribution of heat in an unoccupied building varies, but it is recognized 
that full operation of the air handling system is unnecessary and undesirable with 
any system. Reduced operation can be achieved in most winter weather condi- 

tions by reducing primary fan speed or by operation of the return air fan only in 
3 dual-duct systems and by hot water circulation in the single-duct primary or in 
any system with room secondary conditioning units or radiators. 


OPERATING Costs 


The analysis of annual operating cost, Table 2, is based on an installation re- 
quiring a 1000-ton refrigeration plant, for convenience and because refrigeration 
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capacity is a fairly good index for similar systems in different buildings. A central 
station or any other system, however, using 100 percent outside air at temperature 
extremes, would require a refrigeration plant of 1550 tons and a heating plant 
capacity about twice that of the systems analyzed in Table 2 for Building 1, even 
if the air volume is throttled 25 percent in winter. 


TABLE 2—ANALYsIS OF TOTAL ANNUAL CosTs FOR A TYPICAL 
Mutti-Room BuILpDING In NEw YorK 


1. AIR CONDITIONING SYSTEMS ~ OPERATING POWER & WATER COSTS. 


2 INTERNAL SENSIBLE HEAT LOAD =: 25 8TU/HR/SOFT AVG.: VENTILATION = 0.20 CFM/SQ FT. 


SINGLE DUCT QUAL DUCT 
3. AIR DISTRIBUTION SYSTEM ‘PRIMARY J-FAN | 2-FAN 
4 ‘TOTAL HOURS OPERATION—REFRIG. 8 CT. 1726 1137 4137, 
5. OPERATING KW. HRS. REFRIG. (1000T.-880 KW) 937,000 | 682,000 | 655,000 
6. OPERATING KW. HRS.—FANS & PUMPS (2600 HRS) 1,054,500 | 1,134,000 | 1,134,000 


7. OPERATING KW. HRS.— COOLING TOWER (FAN & PUMP) 219,000 147,000 147,000 


8. TOTAL KW._HRS. (WORK HRS.) 2,210,500 | 1,963,000 | 1,936,000 
9 POWER COST AT 2¢/KW. HR. (2600 HRS.) $44,210 $39,260 $38,720 
10. STEA® COST AT $1.00/1000 LBS. 2,200 2,800 1,050 


COOLING TOWER MAKE-UP WATER AT 281000 GAL. 8 1,170 860 800 


12. TOTAL— POWER, STEAM, WATER (2600 HRS.) $47,580 | $42,920 | $40,570 
13. QPERATING KW.HRS. FAN OR PUMP (IDLE HRS.) 327,000 | 283,800 | 283,800 
14. POWER COST AT 24Kw. HR. 8 6,540 | 8 5,676 | 8 5,676 
1S. STEAM COST AT $1.00/1000 LBS. $13,100 | 813,100 | 813,100 
16. TOTAL COST— POWER, STEAM (/OLE HRS.) $19,640 | 818,776 | 818,776 


17. TOTAL ANNUAL COST — POWER, STEAM, WATER $67,220 $61,696 $59,346 


The total hours of operation of the refrigerating equipment emphasizes the ad- 
vantage of flexible and free use of outside air and the large primary air supply 
capacity of the dual-duct systems. The operating costs of power are based on a 
uniform 2 cents per kwhr rate, whereas the longer operating period of the single- 
duct primary system would increase the demand charge influence and raise the 
mean rate in the extended period of low refrigeration usage. This would increase 
the power cost of the single-duct primary system slightly. 

The air conditioning systems are considered to operate fully 10 hr daily for 260 
days. When the building is not occupied, operation is reduced to the minimum 
heating needs of transmission and infiltration losses. Heat is distributed by the 
return air fan of the dual-duct systems and by the hot water pumps of the single- 
duct primary system. 

The occupied and unoccupied periods are separated and subdivided, so that 
costs for different conditions can be estimated. If steam is used for a turbine- 
driven centrifugal refrigerating unit, a steam rate of 16 lb per hp-hr and $1.00 
per 1000 lb would equal the cost of the motor driven unit at 2 cents per kwhr. 
Any steam system, however, would increase the size and operating cost of the 
cooling tower. 


| 
| 
| 
| 


DiIscussION ON AiR CONDITIONING OF MULTI-ROOM BUILDINGS 245 


Static pressures on the supply fans are assumed to be 8 in. for the single-duct 
primary and 6 in. for the dual-duct systems. All return fans are figures for 2 in. 
static and all pumps for 100 ft head. These values are believed representative. 

The total annual power, steam and water costs show the dual-duct two-fan 
system to be lowest, with a maximum difference of under 10 percent. The unit 
values are indicated in Table 1, Lines 21 and 22. 

To the annual operating costs of Tables 1 and 2 must be added other charges. 
The initial investment cost of air conditioning equipment alone, exclusive of build- 
ing changes, foundations, electric power, steam, water and sewer facilities, is about 
$800 to $1200 per ton of refrigeration capacity, with the dual-duct one-fan system 
generally lower than the single-duct primary system when designed specifically 
for the respective systems. The fixed charges on this investment at 6 percent 
interest and 15-year depreciation with no salvage value equals 10 percent or $80 
to $120 per ton annually. 

The single-duct primary system duct and piping system when used on the build- 
ing periphery and in combination with a central station system for the interior 
zones will occupy about 2.5 percent of the building floor area. The dual-duct 
one-fan system when applied to both periphery and interior zones will require 
about 3 percent of the floor area for its installation. The average value of this 
space, including basement, is about $3.00 per sq ft. Maintenance and operating 
supervision for the single-duct primary system is estimated at about 25 percent 
higher than for the dual-duct system to allow for additional cleaning of the coils 
and boxes of the 500 to 600 room units, for servicing water valves and for shifting 
the secondary water from heating to cooling to meet seasonal and daily midseasonal 
load changes. The total annual fixed charges are about 2.5 times the power, 
steam and water costs. 


APPENDIX 
Determination of relative humidity in rooms conditioned by dual-duct one-fan system: 
i (1 — Py) + GoPwPo + G] Gx = moisture in return air, grains 
+ fil — Py (1 — P,)] per pound. 
G, = moisture in cold air supply, grains 
Gy = Gy + Po (Go — Gx) per pound, 
Go = moisture in outside air entering 
Py = (t. — te)/(tw — te), for sensible heat mixing chamber, grains per pound. 
balance Gw = moisture in warm air supply, 
grains per pound. 
Py = (Gx — G. — G,) G, = moisture load in room, grains per 
+ [G. - G. + Po (Go — Gsz)], pound of supply air. 
for grains moisture balance Pw = warm air, percent of supply. 
o = outside air, percent of supply. 
te = cold air supply temperature. 
tw = [ts — te (1 — Pw)]/Pw tw = warm air supply temperature. 
t, = room supply temperature. 
DISCUSSION 


Joun S. KinG, Fairfax,.Va., (WRITTEN): The author has prepared a very interesting 
study of some of the fundamental concepts required for the rational design of air con- 
ditioning of multi-room buildings. The author’s statements comparing the possi- 
bilities and behavior of the many variations of duct systems are evidently based upon 
many years of experience. 

The nine graphs presented are of interest not only because of content, but also be- 
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cause they demonstrate the clarity of graphical representation of the many factors 
contributing to good air conditioning design. 

The author’s presentation of estimated operating costs based upon the graphical 
portrayal of operating (demand) loads changing with the rise or fall of outdoor air 
temperatures, together with the influence of three different systems of ducting, are 
an interesting study which has been incorporated into Table 2, which shows the total 
(power, steam, and water) annual operating costs based upon the three indicated sys- 
tems of ducting. 

In regard to the latter (Table 2) the writer would like to see presented therein the 
estimated construction (installation) costs and finance charges for the three duct sys- 
tems compared (and also the estimated construction costs and finance charges for the 
balance of the air conditioning installation), as components of the important over-all 
economy. 

The writer would like to hear the author comment more fully upon the character- 
istics of the dual-duct system (which is presented in Fig. 3), and which is described 
at some length. 

The author’s final descriptive statement: ‘‘This system is flexible and stable, so that 
even a room with no internal heat load can achieve good control from the heat avail- 
able from the loaded rooms on the systems. Heat generated in one area is automati- 
cally transferred to another heat-deficient room to produce good control without the 
addition of external heat from an artificial source’, is not clear to the writer. 


ALBERT GIANNINI, New York, (WRITTEN): The author has done a substantial amount 
of work indicating considerable thinking on the subject. It is a broad and exceedingly 
important topic concerning which there is naturally some divergence of opinion and 
apparently, some conflict in experience. It is to be regretted that space limitations 
have forced the author to limit the scope of his paper at the expense of several im- 
portant aspects of the subject. 

In discussing the single-duct primary system, the paper states that there is a need 
for careful zoning of both air and water. The fact is that the single-duct primary 
system is not a zone control system, but by its very nature is an individual room con- 
trol system. While modern practice may indicate the use of multiple sets of apparatus 
because of convenience, they can be and usually are operated as a single functional 
zone. For example, this is so on the largest post-war office building project, namely 
the Gateway Center in Pittsburgh where approximately 6000 units and 4500 tons of 
refrigeration are used. 

This is possible because of a basic design characteristic of the single-duct primary 
system. Namely, that the necessary flexibility is obtained by scheduling reheat of 
the primary air as a function of the outside temperature. Thus the possibility of over- 
cooling any room, as suggested by the author, does not exist, since the only portion of 
the total load which can become negative is the transmission load which also is a func- 
tion of the outside temperature. All other loads encountered are positive. Each 
unit’s capacity is matched to these loads by simple throttling with a water control 
valve at each unit thereby affording individual room control. 

Without overcooling the adverse humidity conditions indicated in Fig. 6 of the paper 
never occur in any space. Therefore, Fig. 6 is misleading. Experience on over 400 
single-duct primary air systems gives ample evidence that no humidity problem exists. 
There is no difficulty in consistantly maintaining humidities below a design maximum. 

In describing the humidity variation of the dual-duct one-fan system, (Fig. 8) it is 
stated that “in order to prevent the humidity from exceeding 50 percent and make it 
follow line A’ reheat begins where A crosses the 50 percent relative humidity line... .” 
In practice, the room thermostat responds to a change in sensible load, and when the 
load decreases, a greater percentage of air from the hot duct is admitted. But this 
air is not dehumidified so that the room humidity must build up. In addition, the 
formulae given in the appendix, for calculating relative humidity in rooms conditioned 
by dual-duct one-fan systems, imply a steady state condition. In a room or group of 
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rooms lightly loaded due to shading or absence of lights for any period of time, there 
is bound to be a gradual and continuous rise in humidity. 

Experience indicates that instability of the dual-duct system (which is a volume 
control arrangement) is dismissed in the paper too easily. Many people are cognizant 
of this as a real problem and it is interesting to note that in the same issue of Heating, 
Piping & Air Conditioning, in which this paper was published an article by C. Milton 
Wilson states: “Engineers are rightfully concerned over a static unbalance between 
the hot and cold ducts at a particular mixing valve. Unless proper precautions in 
both duct sizing and controls are taken, the unbalance would occur when a majority 
of either the hot or cold valves on a particular zone were closed by thermostatic ac- 
tion”. This article points out that this unbalance can cause noise and that careful 
design is required. The suggestion is made that this unbalance can be minimized by 
a combination of temperature and static pressure control. As the flow in the hot 
duct decreases, the temperature of the hot duct is lowered with the objective of keeping 
the flow fairly constant in both hot and cold ducts. 

Another possibility for maintaining stability is to vary the static pressure developed 
by the fan as the flow changes. This calls for instruments responsive to flow or velocity 
pressure. But in any case, system stability requires more than simple S.P. regulation. 

The author points out that a two fan system is required to minimize the amount of 
undehumidified outside air entering the system. However, the outside air supplied 
to rooms will then vary with their sensible load. Therefore, in the interest of both 
humidity and ventilation control, hot air duct quantities should be kept low by raising 
the temperatures, as the author suggests. However, as Wilson points out, system 
stability calls for keeping hot air duct quantities up by lowering hot duct temperature. 
There appears to be a fundamental conflict here. 

In the author’s analyses of system performance of a typical office building, it is not 
clear whether the figures are confined to the periphery of the building, or if interior 
sections are included since mention is made of such areas as cafeterias and conference 
rooms; but since the single-duct primary system is applied only to exterior portions 
of the building, it must be assumed that only the periphery is included. 

It is stated that slight changes in assumed values of primary air cfm and cold air 
supply temperatures would have only slight effect on the final results of the analysis. 
This deserves some examination. Using Building #2 figures, the cooling requirements 
of 35 Btu per sq ft can be easily met with commercially available induction units with 
0.4 cfm per sq ft or lower of primary air. This is a 20 percent reduction over that 
indicated. If an additional 2 deg were allowed for heat gain in the supply duct 0.4 
cfm per sq ft of primary air would still be sufficient with typical modern induction 
units to handle the total load, whereas this same assumption of 2 deg rise in the supply 
air would increase the cfm required by the double-duct system to 1.2 cfm per sq ft 
instead of 1.12 cfm per sq ft. Hence, it is entirely reasonable for the air required by 
the double-duct to be 300 percent of that required by the single-duct primary system 
rather than 225 percent indicated in the comparison. This is an important difference, 
not only because of the additional amount of air to be pumped, which requires larger 
ducts, fans and motors but also each of these ducts must be increased to handle the 
greater total quantity. 

From a practical point of view, the indicated air requirements of a double-duct sys- 
tem seem low. There is a growing trend towards the use of a room design temperature 
lower than 80 F at peak loads, and at partial loads, 80 F is intolerable. For instance; 
if the outdoor prevailing temperature is 85 F instead of 95 F, a room temperature of 
75 F or 76 F would have to be maintained. There is very little change in total load 
due to this small change in transmission load. For example, with a 75 deg room and 
85 deg outside temperature, the btu per sq ft would be approximately 33 instead of 
35. If a 2 deg rise in temperature is assumed in the duct from central plant to room, 
then the temperature of the air leaving the cooling coils would be as follows if the tab- 
ulated 1.12 cfm per sq ft is used: 
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33 
1.12 X 1.08 
27 + 2 = 29 deg difference between air leaving coils and room air temperature. 
75 — 29 = 46 deg air leaving coils. 


= 27 deg temperature difference between room and supply air. 


This is a rather low figure and would increase the horsepower per ton on the refrigeration 
machinery. If the suggested 50 F supply air temperature is used then:— 


33 
cim/sq. ft. = — 50) 


This is 10 percent more than the design quantity indicated in the example. 


= 1.22 


Of course, if a design room temperature lower than the 80 F were used at peak load, 
then the air requirements would be even greater and the amount of air to be handled 
by the dual-duct system would be even greater than 300% of that required by the single- 
duct primary system. 

The basis for arriving at the difference in the operating hours assigned to the re- 
frigeration plant for the two different systems is not given. It would be interesting 
to have this information because it is not an easy thing to calculate and requires in- 
numerable assumptions. The number of hours of operation per day and the capacity 
required by the refrigeration plant not only varies with dry bulb but with wet bulb 
and particularly with sunshine. Figs. 10, 11, and 12 in the author’s paper are, there- 
fore, questionable without further amplification. A difference in the refrigeration 
hours in the order of 10 to 15 percent instead of the 33 percent indicated in the paper 
would seem more reasonable provided the ail air system used fairly high supply air 
temperatures. 

While it is very difficult to analyse refrigeration operation costs, there should be no 
doubt about the operating cost requirements for pumping the fluids required in any 
system. For purposes of comparison some accurate figures are given herewith. 


FOR SINGLE-DUCT PRIMARY SYSTEM 


0.4 cfm per sq ft = Total Air 

0.2 cfm per sq ft = Return Air (Total Air minus 0.2 cfm per sq. ft. outside air) 

Power for primary air fans = 0.00180 HP/cfm 

Power for return air fans = 0.00045 HP/cfm 

Power for water circulating pump = 0.0007 HP/cfm of primary air 
Primary air fans are figures at 8 in. static pressure and return air fans at 2 in. static 
pressure. The figure for HP/cfm for the pumps contemplates the usual ratio of gpm 
to cfm for an induction unit and estimates a 100 ft head on the pump. Fans are figured 
for 70 per cent static efficiency. 


cfm X S.P. X 0.000157 


Fan HP = —Siatic EFF (70%) 


Then, 
Primary air HP = 0.4 X 0. 
Return air HP = 0.2 X 0.00045 
Water pump HP = 0.4 X 0 


0.000720 HP per sq ft. 
0.000090 HP per sq ft. 
0.000280 HP per sq ft. 


Total 0.00109 HP per sq ft. 
FOR THE DUAL-DUCT SYSTEM 


1.2 cfm per sq ft = Total Air 

1.0 cfm per sq ft = Return Air 
Power for supply air fan (6 in. SP) 
Power for return air fan (2 in. SP) 
1.2 X 0.00135 = 0.00162 

1.0 X 0.00045 = 0.00045 


Total 0.00207 HP per sq ft. 


0.00135 HP/cfm 
0.00045 HP/cfm 
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The HP requirements for pumping the fluids on a single-duct primary system for 
the building used as an illustration by tke author would be: 238,000 X 0.00109 = 260 
HP. Whereas for the dual-duct system, the figure would be: 238,000 X 0.00207 = 
492 HP. 

If we assume 9/10 of a kw per HP and use the author's figure of 2 cents per kwhr 
and an operating period of 2600 hrs per year, then: 


260 HP X 0.9 X 0.02 X 2600 = $12,200 per yr. (For single-duct primary system) 
492 HP X 0.9 X 0.02 X 2600 = $23,000 per yr. (For dual-duct system) 


This means there is about $10,800 a year extra operating cost for pumping fluids on 
the dual-duct system for this particular building. These figures seem incontroversial 
to the writer. This appears to be a large penalty to pay for some possible refrigera- 
tion operating cost saving. Even if one accepts the author’s tabulated refrigeration 
operation values of 1,156,000 kwhrs per year assigned to the single-duct primary sys- 
tem and 829,000 kwhrs per year assigned to the dual-duct system and using 2 cents 
per kwhr the apparent savings is $6,540 per year. This still leaves the overall operat- 
ing cost for the single-duct primary system considerably lower. 

It is stated that the dual-duct one-fan system is generally lower in initial cost than 
the single-duct primary system. We know of no basis for making this estimate since 
direct comparisons are infrequent but in several instances that the writer is acquainted 
with, when comparisons were attempted, they did not substantiate the author's state- 
ment. Moreover, no first cost comparison is valid unless it includes evaluation of 
relative space requirements. 

The statement in the paper that the risers in a single-duct primary system will oc- 
cupy 2.5 percent of the building floor area, whereas the double-duct risers would oc- 
cupy 3 percent has not been checked, but even this difference of 44 of 1 percent on a 
building of 238,000 sq ft represents $24,000 when one considers that it costs about 
$20 per sq ft to build an office building. In addition, the fan rooms on a dual-duct 
system would either be considerably larger or more of them would be required because 
as indicated, this system must handle three or more times as much air, and return air 
fans as well as primary air fans are effected. 

In addition, there is a statement that operating and maintenance supervision is 25 
percent higher for the induction unit system than the dual-duct system. This too 
would be difficult to substantiate, but over a long period of time, through a very large 
number of jobs, costs for cleaning, and for maintaining water valves on single-duct 
primary systems are available. These are accurate costs kept by building operators. 
It would be interesting to compare these with comparable figures which the author 
might have for large double-duct systems operating over many years. 


M. G. KErsHAw, Philadelphia, Pa., (WRITTEN): The author is complimented on 
his chart presentation of the direct effect on heating and refrigeration capacity required 
for various ventilating loads per square foot of occupied building area. With charts 
of this type management may more readily select a system with sufficient flexibility 
and capacity to provide for future changes in anticipated people loading. 

The writer is familiar with two-pipe ventilating and heating systems as installed in 
two- or three-story schools but has not observed the operating results of this type of 
system as applied to comfort conditioning. 

We would like the author’s comments on the following: (1) It appears that the dual- 
duct supply system would occupy more rentable floor space than the single-duct primary 
high velocity system. Does the author have a slide showing comparison of required 
space? (2) Annual operating costs per square foot as given in Table 1 appear higher 
than those which have been mentioned in recent articles on modernization of office 
buildings. These figures are always subject to misunderstanding because of varying 
factors such as load costs and different management policies. The writer raises this 
point as he understands the author indicates the system he describes would have 
lower operating cost. My comparison did not confirm this point. (3) How does the 
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author combat the objection to cross zone contamination with recirculating of the 
supply air? (4) Would the author describe details in the design of outlet which insure 
against stratification of the two air streams? 


S. R. Lewis, Chicago, Ill., (WRITTEN): This problem and its various solutions will 
be encountered more and more; especially as refrigerated cooling is applied to existing 
buildings. I commend the author’s equitable analysis. 

The single-duct primary air system proves admirable for exterior room, but due to 
rapid changes in outdoor temperature in cities like Chicago, it requires an appreciable 
length of time and some skill by the operator to change the water temperature in the 
room-unit coils from re-cool to re-heat. Interior spaces usually require separate treat- 
ment. 

The dual-duct system is the logical sequence of the hot deck-cold deck heating and 
ventilating plants long used in school buildings, where each classroom has a thermostat 
which adjusts a double blade damper to select air supply at a temperature either warmer 
or cooler than that at the thermostat. The dual-duct system proves more costly for 
duct, but reduces the investment in water piping and is instantly available in winter 
or in summer. 

Based on cooling of old hotel guest rooms it appears that if one must install air ducts 
from central air supply systems, two separate air supply ducts above the corridors 
can be furred in about as easily as can a single air supply duct. 

I have not found serious drafts or noise due to variation in air volume delivered to 
each room, following changes in the double damper adjustments in the other rooms 
in a particular zone. 

I know of no acceptable experience with a high pressure central air supply system 
in which individual temperature control is obtained by intermittently readjusting the 
amount of air delivered into each room. 

Room unit systems in which each room has a fan, coil and filter, recirculating the 
room air and mixing with this air a small percentage of outside air admitted through a 
hole in the wall, probably involve the lowest investment for an old building. The 
coils in the units receive hot water in winter and chilled water in summer. In inter- 
mediate weather which can happen at any time, the operating engineer may be unable 
to foresee whether chilling or reheating will be required and which ever may be needed, 
can not be delivered instantly. Experience amply justifies the author’s objections to 
the room-unit scheme. 

Table 2 is valuable as applied to an office building. 

My friend, E. P. Heckel, currently is participating in proposed revisions of the Chicago 
Ventilation Code, and he makes the following comments: 

(1) The ventilation codes of some cities, such as Chicago, require that more than 
0.2 cfm of new air per square foot of floor area, shall be supplied by a mechanical air 
conditioning ventilating system. 

(2) The suggestion of 80 F temperature with 50 percent relative humidity as the 
optimum indoor conditions for human comfort, during the summer months, may call 
for some reconsideration and perhaps, revision of the ASHAE comfort charts. More 
recent observations tend to indicate that 76 F dry bulb temperature and relative hu- 
midity reaching up to 65 or even 70 percent is condusive to the comfort of many people, 
even though the outdoor temperature may be higher than 95 F. 


F. W. CHAMBERS, Toronto, Ont., Canada, (WRITTEN): I believe that the author of 
this paper has done a very worthy piece of work in outlining the several methods of 
air conditioning which are used in multi-room buildings. In this connection, I call 
attention to the point that the dual-duct one-fan system which Mr. Waterfill mentions 
is covered by a Canadian patent No. 457,313. I believe that this point is of interest 
to engineers who are proposing to design such a system for installation in Canada be- 
cause of the necessity of obtaining a license under the patent. 


R. P. Cook, Rochester, N. Y., (WRITTEN): This extremely practical and very thought- 
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ful paper should be welcomed by many designers of air conditioning systems, particu- 
larly by those of limited experience. It illustrates the desirability of careful consid- 
eration of various systems prior to final design. I have a feeling that many designers 
do not actually design, calculate and compare the economics of several systems before 
deciding on the type of system to be used. 

One important factor which the author has not included but which is frequently 
overlooked by the designer, is the technical qualifications of the average operating 
superintendent. A system may be carefully designed to be economically capable of 
meeting every change in weather and every change in internal load but lack of skillful 
operation can result in high operating costs. Almost every change in operating con- 
ditions can, theoretically, be adjusted for through elaborate automatic control devices 
but even these can fail to justify the investment if they are not thoroughly understood 
and carefully maintained by the operating personnel. An operator with proper training 
in the essential theory of air conditioning can operate a properly designed system at 
maximum efficiency but, unfortunately, such operators are not always available. The 
designer must therefore consider the probabilities of good operation in his initial de- 
sign. Sometimes simplicity of operation is more important than theoretical perfection. 
The designer should remember that he, with all of his knowledge of the whys and where- 
fores of his design, will not be the operator. Certain rules for operation can be formu- 
lated for the operator to follow. Beyond these rules, economical operation will depend 
on the intelligence and skill of the operator and the complexity of the original design. 
A large installation, such as that used as an example by the author, probably will be 
operated more intelligently than a small installation where the owner may not feel 
justified in paying the salary of a high grade operator. The designer should try to 
determine as best he can the type of operation which his system may expect and this 
should, to some extent, influence the trend of his design; a choice between maximum 
efficiency under good operation or reasonable efficiency from a system which can be 
operated largely by a set of rules. 


AutHor’s CLosureE: I will consider first those written discussions received prior to 
the meeting. 

The comments by Mr. Cook on the design and the economic comparisons and analysis 
of operating skill and labor requirements are pertinent and well stated. The simpli- 
fication of operation is always desirable and a decision should be made on the basis of 
complete analysis of all factors. 

I appreciate Mr. Lewis’ approval of the contents of the paper, because I feel that 
his position in the industry is outstanding. 

The instant availability of warm or cold air to any space at any season, as provided 
by the dual-duct method, as he states, seems basic for best results in multi-room build- 
ings. 

Mr. Heckel very properly calls attention to the ventilation codes in cities and to 
the current comfort thinking. I have seen no scientific or experience data to justify 
some of the trends to high ventilation rates. From the standpoint of CO, and body 
odors, existing data indicate that sixteen cfm per person provides a high margin of 
safety and air purity. For heavy smoking areas some increase may be justified, al- 
though a recent paper by Professor Yaglou indicates that when put on the basis of the 
smokers present, sixteen cfm per occupant would be satisfactory in a majority of cases. 

The chief objection to excessive ventilation is that while it accomplishes very little 
that we can prove, it is very expensive in installation and operating costs. 

In the matter of current comfort thinking, for many years 80 F dry bulb and 50 
percent relative humidity was considered a good design condition. According to the 
ASHAE comfort chart, 76F and 65 percent relative humidity represent the same effec- 
tive temperature for persons fully clothed, at rest and in still air. 

My own personal observation is that 76 F is too cool for summer clothing and light 
activity while 65 percent is too humid for real work. 80 F dry bulb and 40 to 50 percent 
humidity is generally more invigorating. High humidities are stifling. 
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Mr. King requests more data on construction and financing. That is quite a large 
order which I hope someone will fill at another date. 

I would like to expand on the dual-duct system further, but time at the moment 
is limited. 

Mr. King asks clarification of the statement about heat transfer from an occupied 
room to an unoccupied room. If room temperatures are controlled at 80 F during the 
cooling season, then the return air temperature will be 80 F by virtue of the heat from 
the occupied rooms. This return air is available in any quantity required by an un- 
occupied or lightly loaded room, thus maintaining complete temperature control. The 
humidity is maintained in relation to the total load as shown in Figs. 8and 9. Ventila- 
tion too is maintained by the minimum outside air setting. 

Mr. Kershaw speaks of the rentable space occupied by the two systems. In either 
case it is very small and from all I can determine the difference between them is almost 
negligible. The dual-duct probably occupies slightly more space, less than half of one 
percent of the rentable area under average conditions, but the advantage could reverse 
especially where large conventional systems comprise an appreciable component of 
the total installation. 

The operating costs seem higher to him than in previously published figures. That 
is entirely possible because this analysis is based on a ten-hour day and on maximum 
occupancy during that time. This is one means of setting up a comparable basis. It 
is easily modified for specific conditions. If a nine-hour day is used instead of a ten- 
hour day, operating hours and costs are reduced. 

Mr. Kershaw also asks how one combats cross contamination with recirculated air. 
In a large auditorium such as we now occupy, the air is in constant motion. There is 
cross contamination from side to side equivalent to recirculation from many cubicles, 
yet ventilation in terms of occupancy is the only question considered here. We will 
have to live in isolated cells if we are going to avoid completely cross contamination. 
Ventilation in terms of occupancy seems the only rational consideration, and purity 
is high under present practice. 

Stratification is avoided in two ways, first by mixing the warm and cold streams in 
the unit before discharge, and second a relatively high outlet velocity induces room 
circulation and mixing. 

I agree with Mr. Giannini that this is a broad and exceedingly important topic, which 
justifies and will in time receive broader treatment. This paper is limited to basic 
analyses and is presented with the intent of rectifying many false opinions that have 
developed. 

The single-duct primary system must be zoned so that all rooms on a given air and 
water supply circuit have substantially the same load cycle. With this basic design, 
individual room control is reasonably reliable and many installations show this is prac- 
tical. However, there are occasional pattern deviations beyond the flexibility of the 
system. Scheduling reheat of the primary air as a function of outside air is a sound 
means of staying within the system limits of flexibility. Throttling the water control 
valve is effective within its range, but at certain seasons the water temperature must 
be changed from heating to cooling and back to heating all in the same day. 

Figs. 6, 7, 8 and 9 are strictly psychrometric analyses as indicated in the paper. If 
there is no overcooling or excessive humidity in an installation, it simply means that 
sensible heat loads or reheat exist as shown. These analyses are for peak outdoor 
conditions. The lighter loads usually occur when outside dewpoints are lower, con- 
sequently both primary and dual-duc perform better at light loads in actual operation. 

As the load decreases in any room with the dual-duct one-fan system, a greater per- 
centage of warm air is admitted, with the result that the humidity of that room shifts 
from curve A and approaches C, a small increase. Any contention that the humidity 
in this room must build up beyond these valves is unsound. The formulae in the ap- 
pendix determine the humidity conditions quite accurately, in an engineering manner. 
These formulae do not imply a steady state condition any more than do thermal load 
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calculations. They are applicable in determining conditions thruout the conditioned 
spaces for any combination of sensible and moisture loads. 

Mr. Giannini is quite correct in stating that static unbalance is a real problem in 
dual-duct installations. It is this problem which has delayed acceptance of the dual- 
duct system. Some engineers having recognized the many other advantages of the 
dual-duct system are developing effective static pressure or volume control means, 
which do not impair the good qualities of the system. 

The paper does not “point out that a two-fan system is required to minimize the 
amount of undehumidified outside air entering the system’”’, as such is not the case. 
A dehumidifier in the outside air can easily accomplish any degree of dehumidification 
desired, though seldom required and not used in the analysis of Figs. 8 and 9. The 
two-fan system is an economical means of dehumidifying large volumes of outside air 
requiring less reheat than either the single-duct primary system or dual-duct one-fan 
system. Ventilation is maintained in the two-fan dual-duct system by reheat sufficient 
to overcome the excess cooling effect of outside air when internal sensible head loads 
arelow. The warm air temperatures required for this purpose are around 90 F. There 
is no conflict here with Mr. Wilson’s paper. 

The performance of the typical office building is an analysis based on a typical set of 
engineering conditions. As stated in the paper, the analysis holds whether periphery 
or interior, as long as loads are as stated. It is recognized, however, that the single- 
duct primary is not suited to interior zones. The comparison may be between systems 
applied to the periphery only, even though the dual-duct is suited to both interior and 
exterior. If one chooses to get technical on this point, the comparison may be limited 
to periphery only. The interior could be handled by the same method in both cases, 
keeping the comparison clear of the confusion created by introducing other systems 
either in the same building or elsewhere. 

Mr. Giannini makes some changes in temperature ranges and primary air volumes, 
Table 1 Building 2, to build up the ratio of air volumes handled by the fans of the 
dual-duct to single-duct primary systems, but does not follow through on other resultant 
effects. With 0.4 cfm per sq ft of primary air, the sensible cooling capacity of the pri- 
mary is reduced to 10 Btu per sq ft and the secondary circulation must be increased 
to almost 4:1. This requires increased static pressure, increased noise in the room 
and an increase in HP per cfm of primary air. Furthermore, the system requires more 
refrigeration at intermediate seasons because the use of favorable outside air is further 
restricted. Other effects would also require consideration. Why an additional 2 deg 
F is considered is not clear, as the duct rise has already been included in the paper in 
estimating refrigeration operating costs. 

The paper was prepared on an assumed internal temperature of 80 F. The analysis 
could have been made on any other temperature or could have included a schedule of 
reduced indoor temperatures, based on outdoor changes or on preferences of individual 
tenants. This would not, however, necessarily upset the relative behavior of the 
systems materially. Both systems would require increased air supply or lower fluid 
temperatures for lower room temperature at maximum conditions or for dropping the 
indoor temperature to 76 F when the outside reaches 85 F. 

It may be possible to cool Building 2 with 0.4 cfm per sq ft primary air, but it would 
be dubious engineering, because the primary air circuit would not be doing a reasonable 
proportion of the cooling and the use of favorable outdoor air would be seriously re- 
stricted. This increases the need for chilled water for a longer period, probably thru- 
out the year. 

The refrigeration demand chart (Fig. 10) was plotted for Building 1 where the primary 
air sensible heat capacity is 11/25 = 44 percent of the room load. A primary supply 
of 0.4 cfm for Building 2 has a sensible heat capacity of less than 30 percent for an 
80 F dry bulb room and less than 25 percent for a 76 F dry bulb room. Fig. 10 is, 
therefore, low for a 0.4 cfm primary because favorable outside air is more restricted 
in relieving the mechanical refrigeration load. A comparable primary supply would 
be (44% X 35) + (0.074 X 0.24 X 25 deg X 60) = 0.58 cfm per sq ft. 
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Referring to Fig. 5, it is noted that 0.4 cfm per sq ft outside air at 50 F wet bulb 
decreases the mechanical refrigeration 0.0014 tons per sq ft, whereas 0.58 cfm per sq 
ft decreases it 0.00205 tons per sq ft. The difference 0.00065 tons per sq ft must then 
be added to the mechanical refrigeration load at this mean condition for the 0.4 cfm 
primary. This is an average increase of 155 tons and at the averaged rate of 1.10 
kw per ton for the increased hours at the lower capacities, represents an average power 
increase of 170 kw. The refrigeration load would increase beginning at about 65 F 
wet bulb and extend beyond the 35 F limit of operation of Fig. 10, increasing the op- 
erating time fully 5 percent. Since this range represents 85 percent of the revised op- 
erating hours, the refrigeration kwhrs would be increased 170 X 0.85 X 1726 X 1.05 = 
261000 kwhrs. The total for these items for 80 deg internal temperature for both sys- 
tems, therefore becomes: 


For single-duct primary system (assuming no increase in static pressure for increased 
ratio of induced circulation to primary or increased refrigeration kw demand and 
supervision charges): 


Fans and secondary pumps 260 HP X 0.9 X 0.02 X 2600 = $12,200 per yr. 
Refrigeration and Cool. T. 1,417,000 kw hrs. X 0.02 28,340 per yr. 


Total $40,540 per yr. 
For the dual-duct system, corrected to 1.12 cfm supply, 


Fans 459 HP X 0.9 X 0.02 X 2600 = $21,500 per yr. 
Refrigeration and Cool. T. 829,000 kw hrs X 0.02 16,580 per yr. 


Total $38,080 per yr. 


Fig. 11 applies acceptably to Building 2 because full advantage is taken of favorable 
outside air as in Building 1. 

Equipment floor area requirements are variable even for the same type system and, 
where combination systems are employed, the percentages could change in favor of 
the dual-duct. However, cramming equipment of this value into the minimum pos- 
sible space, where maintenance is difficult, is one of the outstanding phobias of building 
owners. Such equipment without electrical and structural changes, will cost the owners 
over one million dollars, yet basement, roof and corner spaces are restricted to trim the 
allotted space for a saving of a few thousand dollars. The 214 percent and 3 percent 
of floor area, as stated in the paper, includes all apparatus space and not just the air 
and water risers as Mr. Giannini interprets it. 

It is difficult to arrive at a clear cut comparison of operating and maintenance super- 
vision costs. However, a study of the servicing of dispersed coil units and water valves 
versus central apparatus, plus discussions with building operators, resulted in the con- 
clusion that the 25 percent higher cost for the single-duct primary is reasonable. 
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EFFECTS OF WEATHER CONDITIONS ON 
COOLING UNIT OPERATION IN A RESIDENCE{ 


By H. T. Girkey*, W. F. SToEcKER**, AND S. Konzot, URBANA, ILL. 


S A PART of the cooperative project sponsored jointly by the Engineering 
Experiment Station of the University of Illinois and the National Warm Air 
Heating and Air Conditioning Association, investigations of summer cooling were 
conducted in Warm Air Heating Research Residence No. 2 during the summers 
of 1952 and 1953. A portion of the investigation conducted in Research Residence 
No. 2 during the summer of 1952 has been reported previously’. 
The principal objectives of the investigation reported in this paper were: 


1. To determine the effect of continuous and cyclic blower operation upon the air 
temperature and humidity conditions in the Residence. 

2. To determine a rational basis for estimating the hours of compressor operation 
during the summer season. 

3. To determine the velocity and temperature patterns of the air stream issuing from 
a high wall supply register. 

4. To determine the effect on compressor performance of increasing the air-flow 
rate from 300 cfm per rated ton to 400 cfm per rated ton of refrigeration. 


RESEARCH RESIDENCE No. 2 


The Residence, shown in Fig. 1, is a one-story structure of frame construction 
with a large amount of glass exposure and with a full basement. The calculated 
coefficient of heat transmission, U, for the insulated exposed wall section is 0.07 
Btu per (hr) (sq ft) (F deg). All windows and doors are weather-stripped and 
the windows on the east and west exposures are equipped with canvas awnings. 
Except for one large picture window in the living room, which was fixed in place 
and consisted of two panes, the windows are single glazed and of the horizontal 
sliding type. Doors are of conventional wood and glass construction. The south 
exposure of the Residence is shaded by a 3-ft 10-in. roof overhang. For this 


+ This investigation was a part of the cooperative project jointly sponsored by the Engineering Experi- 
ment Station of the University of Illinois and the National Warm Air Heating and Air Conditioning Asso- 
ciation, 


* Research Associate in Mechanical Engineering, University of Illinois, Junior Member of ASHAE. 


** Instructor of Mechanical Engineering, University of Illinois. 
t Professor of Mechanical Engineering, University of Illinois, Member of ASHAE. 


ines numerals refer to References. 
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Fic. 1. SoutH VIEW OF RESEARCH RESIDENCE No. 2 


summer cooling investigation, the ceiling joist space was filled with 5 in. of mineral 
wool insulation, and the calculated coefficient of heat transmission is 0.07 Btu 


per (hr) (sq ft) (F deg). 


TABLE 1—DaTA FOR RESEARCH RESIDENCE No. 2 


HEAT TRANSMISSION COEFFICIENTS, BTU PER HR (SQ FT) (F) U 


INSULATED FRAME WALL, WITH 354-IN. MINERAL WOOL INSULATION 0.07 
INSULATED CEILING, WITH 5-IN. MINERAL WOOL INSULATION 0.07 
OvutsipE Door—Front HALL 0.51 
DIMENSIONS } 
CEILING NET GLass VoL- 
Room AREA® |ExXposuRE| WALL | AREA UME 
Fr In. Ft IN. | REA | 
Living Room 2110 X 13 4} 308) East | 117 — | 2,480 
| South 89 100° 
South Bedroom & | 13 4X 11 0| 169) South | 71 28 1,325 
South Bedroom 40x 2 3 West | 93 | 25 | 
Closets (2) 46xX 23 | South | 19 147 
Bath 78x 411 44 | West | 36 11 | 320 
North Bedroom 1111 X 10 4) 135 | West 66 25 | 1,050 
North | 61 30 | 
North Bedroom 
Closet x 2 4] 18 | North | 24 116 
| East | 
Hall to Bath 43 | — 289 
Front Hall 6x 8 59 | North 22 21 (door) 448 
Front Hall Closet 4 0X 2 4} 9; — | 79 
Kitchen-Dinette 19 0X11 4 232! North | 124 42 | 1,830 
East | 89 | 12 
Total First Story | 1,040 | — | 848 | 273 | 8,084 


® Ceiling area includes area of partition and exterior walls. 
South Living Room glass area includes area of outside door having a high glass to wood area ratio. 
Double glazed picture window has area of 27 sq ft. 
Note: Ceiling Height of First Story—8 ft 6 in. 
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The conditioned space consisted of all first-story rooms. Table 1 gives a summary 
of the room dimensions and volumes. The heat gain calculations, made in ac- 
cordance with Manual No. 11? of the National Warm Air Heating and Air Con- 
ditioning Association, were based on outdoor design conditions of 95 F dry bulb 
and 76 F wet bulb, and an indoor dry-bulb temperature of 75 F. The design 
sensible heat gain on a design day for the structure was 21,090 Btu per hr. The 
Residence was completely furnished but unoccupied during this investigation. 

Cooling Unit: The cooling unit, shown in Fig. 2, was one of two sections of a 
year ‘round air conditioner which was installed in the basement and described in 
a previous paper’. Return air entered the unit and passed downward through 
the filter and evaporator coil, both of which were in a horizontal plane. The 


T= NS 


Fic. 2. FURNACE AND COOLING UNIT 


pan for collecting the water condensed out of the air was located beneath the 
evaporator coil. The coil and blower were in an insulated compartment and 
were isolated from the compressor and condenser, which were located in the lower 
part of the unit. Refrigeration capacity of the unit was 23,800 Btu per hr with 
ASRE standard inlet-air conditions and at a rated air delivery of 900 cfm and 
120 psi refrigerant head pressure. The semi-hermetic compressor was directly 
connected to the 220 volt, single-phase, 2 hp motor. Both the motor and the 
shell-and-tube type condenser were water cooled. Refrigerant was dichloro- 
difluoromethane. 

Duct System: The duct system was the same used previously in both heating 
and cooling investigations; it was of the extended plenum type, having uniformly 
sized trunk ducts leading from the furnace bonnet toward the east and west ends 
of the basement. Branch ducts were connected to the top or side of the trunks 
and were unchanged in size from the trunk take-off fitting to the register stack- 
head. All registers in the first-story rooms were at the high-sidewall location, 
61% ft from the floor, with the exception of the baseboard register in the front 
hall near the door. Fig. 3 shows the first-story plan and the register locations. 
All return-air intakes were located in the baseboard. The system was designed 
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for heating only in accordance with Manual No. 7° of the National Warm Air 
Heating and Air Conditioning Association. 

Instrumentation: Approximately 180 thermocouples of 24-gage copper-con- 
stantan wire were installed for temperature measurements. Thermocouples were 
placed at four different levels (floor, sitting, breathing, and ceiling) on standards 
located near the centers of each of the first-story rooms and at three stations in 
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Fic. 3. FLoor PLAN OF RESEARCH RESIDENCE No. 2 


the basement. The locations of the temperature measuring stations in the first- 
story rooms are shown in Fig. 3. Thermocouples were also installed in the ceiling 
and floor surfaces, on the surfaces and within the exterior walls, in the attic, in 
the duct system, and at other desired points inside and outside the Residence. 
Each thermocouple was connected through switches to an indicating potentiometer. 
It was possible to obtain a continuous record of any 18 of the 180 thermocouple 
stations by means of recording potentiometers. 

Heat-flow meters were installed at various locations in the house. One meter 
was installed in each of the outside walls 60 in. from the floor, and was located 
on the exterior surface of the interior panels and next to the insulation. One was 
placed above the ceiling, between the top ceiling surface and the attic insulation. 
Meters were also located on the underside of both the north and south slopes of 
the roof. 

Continuous records were made of the outdoor-air temperatures, both dry and 
wet bulb, the indoor relative humidity, the wind velocity, and the intensity of 
solar radiation received on a horizontal plane. Wind direction was noted at 
frequent intervals. 


OPERATING CONDITIONS 


Three series of studies were conducted, all with an air-flow rate of 800 cfm, or 
approximately 400 cfm per rated ton of refrigeration. This was in contrast with 
300 cfm per rated ton used in the studies! of 1952. No ventilation air was me- 
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chanically introduced during any of the 1953 studies, and the Residence was kept 
closed at all times. The indoor dry-bulb temperature was controlled at 75 F, 
but no attempt was made to control the indoor relative humidity. 

The three series of studies conducted in 1953 were identified as follows: 


Series S53-1: The blower was operated continuously. The Residence was not occu- 
pied and no moisture was released indoors. 


Series S53-2: The blower was operated continuously. For the purposes of imposing 
a definite latent load, the following weights of water were vaporized by means of elec- 
tric vaporizers: 1.0 Ib in 30 min. beginning at 7:00 a.m., 1.25 lb in 1 hr beginning at 
11:30 a.m., and 2.25 lb. in 2 hr beginning at 5:00 p.m. 

Series S53-3: The blower was cycled with the compressor. The latent load addition 
was the same as for Series S53-2. 


EFFECTS OF BLOWER OPERATION 


Increase in Air-Flow Rate: In 1952 the measured capacity of the condensing 
unit was 20,300 Btu per hr with an air-flow rate of 300 cfm per rated ton of re- 
frigeration. In these studies, a 33 percent increase in the flow rate of the circu- 
lating air to 400 cfm per ton resulted in a measured capacity of 21,700 Btu per hr, 
a 7 percent increase. The fact that the measured capacity was still below the 
rating of the unit was attributed largely to the return-air temperature, which was 
lower than that used for rating the condensing unit. Other deviations in oper- 
ating conditions from ASRE standard conditions caused the remainder of the 
discrepancy. 

With an air-flow rate of 800 cfm the total pressure in the supply plenum at the 
exit of the year ’round conditioner was 0.21 in. of water column and that at the 
return-air plenum was 0.19 in. of water column, or 0.40 in. for both sides. These 
values are approximately double those used in the original design of the duct 
system. An air-flow rate of 340 cfm was used to heat the first story only. When 
the basement was heated, an air-flow rate of 565 cfm was used for both the base- 
ment and the first story, and the extended plenum was sized for this condition. 

Indoor Humidity Ratios: Although higher outdoor humidity ratios can be ex- 
pected to occur with higher values of mean daily outdoor temperature, the varia- 
tion which exists is indicated by the spread of points on the left hand plot of Fig. 
4. In general, the trend of the observed data shows that on hot days a higher 
moisture load can be expected than on cool days. The points indicated by the 
solid circles show that for a majority of the 15 days during which the blower was 
cycled with the compressor (Series S53—3), the outdoor air was relatively dry. 

The plot on the upper right portion of Fig. 4 shows that on hot days more mois- 
ture was removed by the evaporator coil than was removed on cool days. The 
solid circle points, representing data for cyclic blower operation, were predomi- 
nantly near the upper range of observed points. Thus, in spite of the fact that 
the tests were conducted during a dry spell, the total amount of moisture removed 
was relatively large. The majority of the points represented by the open circles 
(Series S53-2) were higher than those represented by crosses (Series S53-1). This 
would indicate that the release of 4.5 |b of moisture within the house (Series S53-2) 
resulted in a larger amount of condensation during the day.) 

Indoor humidity, as represented by the humidity ratio, is shown by the plot on 
the lower right of Fig. 4. For both series of tests during which the blower oper- 
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ated continuously (Series S53-1 and S53-2), the indoor humidity ratio was prac- 
tically constant regardless of the outdoor temperature. This average humidity 
ratio was about 0.0123 lb of moisture per lb of dry air and corresponds to a relative 
humidity of 66 percent at a temperature of 75 F. In other words, with larger 
moisture loads arising either from more humid outdoor air or a larger moisture 
release indoors, a larger amount of condensation occurred. 

Blower Cycled with Compressor: Although the most common method of blower 
operation has been to operate the blower continuously, the suggestion has been 
made that better humidity control might be achieved if the blower were cycled 
with the compressor. The underlying theory is that if the blower ceases to operate 
when the compressor stops, the moisture condensed on the cooling coil will not 
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Fic. 4. Humipiry Ratios AND WEIGHT OF CONDENSATE 


be re-evaporated. The humidity of the room air would not be increased by this 
re-evaporation, as it would when the blower is operated continuously. 

The data shown in the lower right side of Fig. 4 for cyclic blower operation 
(Series S53—3) indicated that on a hot day the indoor humidity ratio was lower than 
on a cooler day. This may only be accounted for by the longer operating time 
of the compressor on a hot day, with the consequent larger condensation of mois- 
ture, and the absence of re-evaporation from the wet coils during periods when 
the compressor and blower were not operating. The difference between the curve 
representing continuous blower operation and that for cyclic blower operation is 
sufficiently large that it cannot be attributed merely to differences in weather 
conditions during the two studies. It might be expected that the indoor humidity 
ratio was lower for this type of operation as a result of the lower outdoor humidity 
ratio experienced during this series. It should be noted, however, that the weight 
of condensate collected during the period with cyclic blower operation was higher 
than the mean for the entire investigation, but that on days of high mean daily 
temperature the weight of condensate was within the range experienced with con- 
tinuous blower operation. The practical implication of the results is that cyclic 
operation of the blower in conjunction with the compressor gives a larger reduc- 
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tion in humidity ratio than does continuous operation, especially in hot weather. 
Nevertheless, it would be expected that the weight of condensate collected would 
be the same for the two methods of blower operation for identical days on which 
the compressor operated continuously. 

A comparison of the two methods of blower operation is shown in Fig. 5. The 
examples shown are from noon to 2:00 p.m. on two days when similar outdoor 
temperatures and humidities were experienced, as shown by the outdoor dry-bulb 
and wet-bulb temperatures. The indoor air conditions were measured in the 
return-air plenum at a point just upstream from the point where the air entered 
the cooling unit. With continuous blower operation, shown on the left side of 
Fig. 5, the indoor wet-bulb temperature increased slightly with each compressor 
cycle. With cyclic operation of the blower, shown on the right side of Fig. 5, 
considerably lower return-air wet-bulb temperatures were experienced. The sharp 
decreases in dry-bulb and wet-bulb temperatures, shown on the right hand charts, 
after the blower stopped operation have been attributed to the proximity of the 
recording thermocouples to the cooling coil, although an air filter did serve to 
shield the thermocouples from the cool evaporator coil. 

Aithough cycling the blower with the compressor would seem to be desirable 
from the standpoint of lower indoor humidity and lower operating cost of the 
blower, the possibility of discomfort due to lack of air circulation during the off- 
periods of the blower must be considered. Unfortunately, this is a subjective 
matter, which is difficult to evaluate in this type of investigation. 


VARIABILITY OF WEATHER 


From a practical standpoint the most difficult estimate that must be made for 
the summer cooling of residences is the number of hours of operation of the cooling 
unit. Once such an estimate is established for a given residence, the electrical 
power consumption and water consumption can be readily computed. In view of 
the interest in the subject, a brief discussion is presented of the inherent obstacles 
confronting those attempting to arrive at a reasonable estimate of the operating 
times for a season. 

In previous publications®® extreme variability of the summer weather was 
shown to exist. For example, during the four-year period of 1935 to 1938, the 
values given in Table 2 were tabulated from the weather records at Research 


TABLE 2—WEATHER RECORDS FOR THE YEARS 1935 THROUGH 1938* 


| 


SEASON 
ITEM | 

1935 | 1936 1937 1938 
Number of Days at 85 F or over........ oonraee 55 81 61 | 54 
Number of Days at 90 F or over.............. 50 23 16 
Total Hours above 85 F.............000.0000. | 23 706 302 | 204 
Total Hours above 90 F.............00000 000: | 83 | 342 40 | 23 
Total Degree-Hours above 85 F............... 1082 | 4551 862 | 535 
Total Degree-Hours above 90 F............... | 174 | 1963 64 | 23 


® From weather records obtained at Research Residence No. 1 in Urbana, III. 
References: University of Illinois Engineering Experiment Station Bulletins No. 305, p. 64, and No. 321, 
p. 22. 


WEATHER EFFECTS ON A RESIDENTIAL COOLING UNIT OPERATION, BY GILKEY, ET AL 263 


Residence No. 1. It is true that the summer of 1936 was the hottest summer 
in the history of the local weather bureau, but in more recent years the summers 
of 1952, 1953, and 1954 have approached the severity experienced in 1936. Re- 
gardless of the indices used to express the severity of the summer weather, the 
fact remains that the numerical values of the indices did vary more than 100 
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percent from the maximum values. This is in decided contrast with winter heating 
experience, in which the number of degree days for any season does not vary more 
than about 25 percent from the maximum values, and not more than about 15 
percent from the mean value for the locality. In other words, estimates of fuel 
consumption for the heating season based on the mean value of the degree days 
can be made with some assurance that the estimates will be reasonable for at least 
three years out of four. For summer cooling, however, where the indices of weather 
severity can vary as much as 100 percent or more from one season to the next, 
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some question exists whether the mean value for a period of years will be entirely 
satisfactory. The suggestion is offered that a statistical analysis should be made 
and that any value finally selected for a given locality should not be exceeded 
more often than one summer out of four. No such analysis has been made for 
any locality, primarily because no agreement has been reached on the index to 
be used for evaluating the summer weather. 

A comparison of the weather experienced during the 1952 and 1953 cooling 
seasons with the mean conditions experienced from 1927 to 1937 inclusive is shown 
in Fig. 6. For example, in 1953 there were a total of 10 days on which the mean 
daily temperature was 82 F. Ina season typical of the 11-year mean, however, 
one would find only three days having this mean temperature. It can be noted 


TABLE 3—WEATHER DaTA AND ESTIMATED COMPRESSOR OPERATION 
(Based on 153-day period from May 1 to September 30, 1953). 


] 


May | June | Juty | AuvG. | Sept. | Tortar 
Weather Data 
Number of days at 85 F | 
and above* 6 21 22 18 12 | 76 
Number of days at 90 F | 
and above* 3 17 11 11 7 49 
Number of days at 95 F 
and above* 0 5 3 | 9 5 | 22 
Number of days of mean 
daily temperature 65 F 
and above 13 30 31 31 22 127 
Number of degree days for 
cooling 94 372 352 305 149 | 1,272 


Estimated Consump'ion with 
Cyclic Blower Operation 
Estimated compressor 
Operation, hr 58 205 197 175 92 727 
Estimated electrical con- 
sumption, kwhr 
Compressor 116 410 394 350 184 1,454 


Blower® 19 66 63 56 29 233 

Total 135 476 457 406 213 1,687 
Estimated water consump- 

tion, gal 8,600 | 30,300 | 29,100 | 25,900 | 13,600 |107 ,500 


} 
Estimated Consumption with 
Continuous Blower Oper- | | 
tion 
Estimated electrical con- 
sumption, kwhr 


116; 410 394 350 184} 1,454 


Compressor 
Blower* 100 | 230 238 238 169 975 
Total | 216 | 640 632 588 353 2,429 
Estimated water consump- | | 
tion, gal | 8,600 | 30,300 | 29,100 | 25,900 | 13,600 107,500 


® The temperatures refer to maximum daily temperatures, and not to mean daily temperatures. 

© Degree days per day equals the difference between the mean daily temperature and 65 F. Mean daily 
temperatures below 65 F are not considered. 

© The blower electrical consumption is based on cyclic blower operation during compressor operation enly. 

4 The blower electrical consumption is based on 24-hr blower operation on days in which mean daily 
temperature exceeds 65 F. 
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further from the lower curve in Fig. 6 that the number of days during the 1953 
cooling season upon which the mean daily temperature did not exceed 65 F was 
31, and that this mean daily temperature was exceeded on 122 days. Thus, as 
will be shown later, the compressor would have operated on 127 days (122 days 
during which tm > 65 F, plus 5 days during which fm = 65 F) out of the 153 days 
from May 1 to September 30, 1953. 


INDICES OF WEATHER 


In earlier studies made in Research Residence No. 1 during the years of 1932 
to 1939, numerous attempts were made to correlate the number of hours of com- 
pressor operation with some index of weather condition. Obviously, as the daily 
outdoor temperature increases, longer hours of compressor operation can be ex- 
pected. The problem is not as simple as stated, even for a given residence, since 
no single index of weather conditions can take into account such variables as: (1) 
intensity and duration of maximum outdoor dry-bulb temperature; (2) intensity 
of outdoor dry-bulb temperature during the hours preceding the maximum out- 
door temperature; (3) magnitude of the outdoor humidity ratio during the day; 
(4) the duration and intensity of solar radiation; and (5) moisture release and 
heat release within the residence. In spite of the difficulties, however, it becomes 
of great practical interest to determine some relatively simple index of weather 
conditions that might serve as a correlation for compressor operation. 

The number of degree hours above 85 F, shown in Table 3, was used in the 
earlier studies, and was found to be one index which could be used to correlate 
the number of hours of plant operation. The differences in the constructions of 
Residence Nos. 1 and 2, as well as the lower setting of the room thermostat now 
being recommended, have shown that a lower base temperature than 85 F should 
be used for determining the degree hours. For example, in the early thirties, 
when thermal shock was considered to be a possible source of discomfort, the setting 
of the room thermostat was at the upper limit of comfort, namely between 78 F 
and 80 F. In current practice, a setting of 75 F is commonly recommended. 
This small difference of 3 F in the setting of the room thermostat will affect to a 
considerable extent the number of hours of compressor operation, since in general, 
the rate of rise of room-air temperature in a residence may be as low as \% to 1 
deg per hr without cooling. Furthermore, the rooms in a one-story house of 
current construction with relatively larger glass area, will require more cooling 
and at an earlier hour than the first-story rooms of a multiple-story residence 
with smaller glass area. In addition, the extent to which night-air cooling is 
employed will also affect the starting time of the cooling, and hence the total 
hours of operation each day. 


COMPRESSOR OPERATION 


The studies conducted during the summer of 1953 are summarized in the three 
plots shown in Fig. 7. The lower set of curves shows the relationship between 
the hours of compressor operation and the number of degree hours above a base 
temperature of 65 F for each day. The degree hours were determined only for 
the period during which the outdoor air temperature exceeded the 65 F value for 
each day. In other words, unlike the degree day determinations for winter heat- 
ing, the mean daily temperature for the day is not used in determining the degree 
hours above 65 F. The lower set of curves in Fig. 7 shows good linear correlation 
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between compressor operation and degree hours above 65 F, perhaps better than 
the correlations obtained with either the maximum daily temperature or the mean 
daily temperature, shown in the two upper sets of curves. From the standpoint 
of industry-wide application, however, the degree hour index is not as convenient 
as one based on a simpler scheme. For any given locality difficulty will be ex- 
perienced in obtaining degree hour data over a period of at least 10 years. 
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Fic. 7. COMPRESSOR OPERATION AS 
RELATED TO VARIOUS OUTDOOR TEM- 
PERATURE CONDITIONS 


The simplest correlation is that shown at the top of Fig. 7, in which the hours 
of compressor operation have been plotted against the daily maximum outdoor 
air temperatures. A fair correlation is obtained. Unfortunately, the daily max- 
imum air temperature ignores the preceding history of the weather. In other 
words, the load on the plant will be affected by the air temperatures preceding 
the time when the maximum is attained. 

In the middle set of curves shown in Fig. 7, the mean daily temperature has 
been selected as the criterion of weather and the correlation with compressor 
operation is shown to be better than that shown in the upper set of curves. In 
this case, the mean daily temperature is based on the numerical average of the 
maximum outdoor temperature and the minimum outdoor temperature during the 
preceeding morning hours only. In this respect, the mean daily temperature as 
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commonly given by the Weather Bureau is slightly at variance since the minimum 
temperature is not always restricted to the hours preceding the occurrence of the 
maximum temperature. 

From a practical standpoint, therefore, the mean daily temperature (or its 
equivalent, which is the degree days above some base temperature) is probably 
the best compromise index for use in determining hours of compressor operation. 
The results will not be as close as those based on degree hours above 65 F, but the 
advantage of easy determination of the index will more than offset the loss in 
accuracy. Furthermore, since the variation in degree days from one season to 
the next is extremely large, precision in method is not as necessary as simplicity. 

The results reported in a study of the operating costs of 11 homes’ indicated 
that the temperature basis for defining the cooling degree day should be 70 F. 
However, the results of the studies conducted in Research Residence No. 2 in- 
dicated that the temperature base should be approximately 65 F. In both the 
studies of Gilman and in Research Residence No. 2, the indoor-air temperatures 
were approximately the same, but in the Residence No. 2 studies the house was 
not occupied. It would be expected that occupancy would have the effect of 
lowering the datum temperature, and yet the results indicated that the datum 
for Residence No. 2 was 65 F despite its unoccupied condition. As was necessary 
in the establishment of the base temperature for winter heating, it is probable 
that a large number of installations should be studied before a generally acceptable 
base temperature for summer cooling can be determined. The possibility exists 
that the base temperature for one-story houses will be lower than that for two- 
story houses, and will be different for houses subjected to night-air cooling, and 
that a compromise value will eventually be necessary for practical applications. 

It should be realized that the curves in Fig. 7 are based upon a ratio of calcu- 
lated heat gain to rated cooling unit capacity of 1.15. Lower values of this ratio, 
which would mean a larger cooling unit capacity, would cause the curves to have 
smaller slopes, indicating fewer hours of compressor operation. It is not antici- 
pated, however, that changing this ratio would affect the datum mean daily 
temperature for the Residence. 

The calculations in Table 3 were made from the weather records (between May 
1 and September 30, 1953) and from the average curve shown in the middle set 
of curves in Fig. 6. The hours of compressor operation for this 153-day period 
were estimated as 727 hours. Based upon power consumptions of 2 kw for the 
compressor, 0.32 kw for the blower, and water consumption rates of 148 gph, the 
estimated total consumptions were 1454 kwhr for the compressor motor, 233 kwhr 
for the blower motor, and 107,500 gal of water. 


Air DISTRIBUTION IN LiviInG Room 


Studies of systems using perimeter introduction of air through floor registers® 
show that room-air velocities remain below 32 fpm except immediately above the 
supply outlets. Other investigators? have found that it is difficult to eliminate 
the gravitational effects of the air when high sidewall registers designed for heating 
are used for cooling. 

During Series S53-2, a study of the air pattern leaving the living room register 
was conducted. The 14-in. X 6-in. double-deflection register was located 78 in. 
above the floor in approximately the center of the north living room wall. The 
vertical vanes in the register face were set for a 22 deg horizontal deflection of 
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each jet. The rear vanes were set for slight downward deflection. This setting 
would normally be used for heating so that the warm, low density air would not 
impinge upon the ceiling surface. 

The center of each jet issuing from the register was located both when the com- 
pressor was operating (supply-air temperatures between 61.5 and 64.0 F) and when 
the compressor was not operating, (supply-air temperature approximately equal 
to room-air temperature). In each case the average air velocity at the register 
face was approximately 500 fpm. 
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The elevations of the jets from the west side of the register are shown in Fig. 
8. The supply air temperature had a decided effect upon the height of the jet 
as it moved across the room. When the supply air was at room-air temperature, 
the center of the jet was about 5 ft above the floor at a distance of 12 ft from the 
wall in which the register was located (1 ft 4 in. from the exterior wall). When 
the compressor was operating and the supply-air temperature was lower than 
room-air temperature, however, the center of the jet was only 2 ft above the floor 
at the same location. In order to reduce the drop of air into the living zone, it 
would be necessary to use upward deflection settings on high sidewall registers 
when used for summer cooling. 

The temperature of the supply air had very little effect upon the horizontal 
throw from the register. In each case, the plan view of the jets was a straight 
line extending out toward the corners of the room until the velocity was reduced 
below 100fpm. At this point the jet turned toward the exterior wall of the room. 


CONCLUSIONS 


The air conditioning system discussed in this paper consisted of a year ‘round 
air conditioner which contained a 2-hp mechanical condensing unit and a duct 
system designed only for winter heating. Registers were located in the high 
sidewall location on the interior walls of the rooms. The total air-flow rate was 
approximately 800 cfm. Studies were conducted both with continuous blower 
operation and with the blower cycled with the compressor. 

Actual capacity of the cooling unit was found to be approximately 21,700 Btu 
per hr, an increase of 7 percent over that experienced with an air-flow rate of 600 
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cfm in an earlier investigation. The pressure loss in the duct system was 0.40 in. 
water column, approximately twice that experienced with the winter air-flow rate 
of 340 cfm. The air delivered from the high sidewall register into the living room 
was found to drop into the living zone. This was more pronounced when the com- 
pressor was operating and the supply-air temperature was low than it was when 
the compressor was not operating. The register was adjusted for winter heating 
and gave a slight downward deflection to the air. 

Cycling the blower with the compressor produced lower room-air humidities 
than did continuous blower operation. Even during periods of low outdoor 
humidity, the amount of water condensed from the air circulated through the 
cooling unit was greater with cyclic blower operation than it was in more humid 
weather with continuous blower operation. Although cycling the blower with the 
compressor would seem to be desirable from the standpoint of lower indoor hu- 
midity, the possibility of discomfort due to lack of air circulation when the blower 
is not operating must be considered. 

Great variation of the climatic factors which affect cooling unit operation can 
be expected from one season to another. The number of days which have a max- 
imum outdoor temperature equaling or exceeding a given value during one season 
may be 100 percent greater than the number of days during which the same con- 
dition is equalled or exceeded in the following season. The variation in weather 
conditions is much greater for cooling than for heating. Although it is important 
that some relatively simple index of weather conditions which would serve as a 
basis for predicting compressor operation be determined, the index should be de- 
termined statistically so that predicted operating times will not be exceeded for 
at least three years out of every four. 

Excellent correlation was found between hours of compressor operation per day 
and the number of degree hours above 65 F. From a practical standpoint, how- 
ever, this criterion is not as good an index as degree davs based on mean daily 
temperature. In addition, there was good correlation between hours of operation 
and mean daily temperature. The datum mean daily temperature above which 
compressor operation occurred was 65 F. The base temperature for cooling degree 
days must be determined from investigation of many residences, however, and it 
may vary depending upon the locality and type of residence. 
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DISCUSSION 


C. H. Nerman, Jr., York, Pa., (WrRitTEN): I am extremely grateful for the oppor- 
tunity to discuss this paper—not so much from the standpoint of my having any great 
knowledge and experience on the subject, but from the standpoint of having an op- 
portunity to express my appreciation to those who are working so diligently on these 
problems which can increase our knowledge of the best in application methods to be 
used in residential air conditioning. 

As a representative of a manufacturer of residential heating equipment, | know, 
first hand, the value of investigations performed by Professor Konzo and his associates. 
These men have done a great deal to advance the art of applying home heating equip- 
ment to give us comfort in all kinds of weather. These investigations always result 
in some information of practical value. I am sure that Professor Konzo and his as- 
sociates will provide the same basic knowledge of home cooling as the years progress. 

These remarks are not intended to detract from the work of others in the field. A 
great deal of good work has and is being done by others and we all know that a tre- 
mendous field of investigation lies ahead in residential cooling which will require many 
long and tedious hours in laboratories all over the country before we reach maturity 
in home cooling applications. 

I find it impossible to think about the paper presented without immediately relating 
it to the broader aspects of the problem. I see in it certain guide posts which help 
to chart the course of more intelligent application of residential cooling equipment. 

Those of us who are associated with both home heating and home cooling know 
what I mean when I say that home cooling requires some special considerations as 
compared to commercial cooling. We are quick to apply the cooling equipment using 
the same considerations as we have in commercial installations only to find that we 
have over-engineered the job. The cost is either too high, the equipment too large, or 
there is no space for the cooling tower, or no good way to dispose of the condenser water. 

The potential in home cooling is large, but in my humble opinion will only be avail- 
able to us when we can find the way to provide comfort at a cost that the majority of 
home owners can afford to pay. 
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You may wonder what connection the foregoing remarks have with the paper pre- 
sented, but I see in the paper several things which add emphasis to these remarks. 

Many have talked about the proper sizing of home cooling equipment, and have 
recommended slightly undersizing the equipment rather than oversizing for peak loads. 

This paper presents some facts which in my mind confirm the wisdom of smaller 
size equipment. 

The authors have shown that better humidity control is obtained when the blower 
and the compressor cycle together. However, there is a question whether the dis- 
comfort due to lack of air circulation might not overshadow the comfort gained due 
to better humidity control. Therefore, the logical conclusion would be to operate 
both the compressor and blower continuously or as nearly continuously as possible. 

One way to accomplish this type of operation is to size the equipment in such a 
manner that it will just carry the load. 

A recommendation such as this without some supporting information would be use- 
less and, therefore, I would like to give you some facts obtained during the 1953 and 
1954 cooling season which lead us to the belief that comfort can be obtained from 
equipment which has a capacity lower than the calculated heat gain. 

Mention has been made in the paper of the method of determining heat gain outlined 
in Manual I1 of the National Warm Air Heating and Air Conditioning Association. 

We find that this method results in a total heat gain greater than some other methods. 
However, we have never found a method of calculating heat gain which matches the 
apparent actual heat gain as indicated by the comfort satisfaction of the occupants. 
Therefore, to determine the actual heat gain by calculation is a difficult task and to 
the best of my knowledge no one can say that one particular method is correct. It is 
reassuring, however, to know that a great deal of work is being done on this subject. 

Reference 1 of the paper contains data which supports the evidence that heat gain 
calculations exceed the real heat gain. 

We have installations where the occupants report satisfaction with 114 hp air-cooled 
units and the heat gain calculations indicate that a 2 hp or larger unit is required. 
These homes are approximately 1000 square feet in floor area. ‘Temperature readings 
show the inside dry bulb being maintained at 80 to 85 F with 106 F dry bulb outside. 

Obviously, I am not suggesting a movement to undersize all applications but we 
have had sufficient successful experiences to indicate that further research should be 
done to firm up the proper sizing of cooling equipment to provide satisfactory comfort, 
and keep first cost to a minimum. 

The paper also points up another very important consideration. The need for a 
method to be used in estimating cost of operation is apparent especially when the 
smaller, medium and lower-priced homes are to be considered for air conditioning. 

It would appear that from the data presented, mean daily temperature is a good 
basis on which to estimate unit operation. This information is generally available 
and reliable. 

The paper, however, is not clear on the method used to convert degree days to hours 
of compressor operation, and the authors should explain this in more detail. 

I would assume that some factor derived from experience would apply to each type 
of installation. This factor might take the form of degree days per hour of compressor 
operation. 

If such a factor were used in the calculations summarized in Table 3, the degree 
days per hour of compresser operation would be 


1272 
77 = 1.75 


This factor would correspond to the degree days per gallon used in predicting fuel 
oil deliveries for heating. However, each type of system requires a different factor and 
the accuracy of the prediction depends entirely on the accuracy of the factor. 

However, no matter what method is used it would seem that the conversion of degree 
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days for cooling to hours of compressor operation would depend on the type of installa- 
tion, and how it is used. 

The authors indicate in their summary that additional facts must be obtained from 
many residential installations, and we will look with interest on future reports of their 
progress. They are making a real contribution to the general knowledge of home cool- 
ing and should be complimented and encouraged to continue. 


S. A. HEweEr, Washington, D. C., (WRITTEN): This paper illustrates very effectively 
how the severity of summer weather varies from season to season. Table 2 shows there 
were 50 days of 90 F or over in Urbana, Illinois, during 1936 as against only 19 days 
in 1935. With such great variations, temperature averages are rather poor yardsticks 
of weather conditions. 

In addition to this shortcoming, averages don’t give the designer the kind of informa- 
tion he needs, namely, a choice of temperatures and some kind of comparison between 
temperatures. More and more designers are becoming interested in data giving the 
incidence of occurrence of a series of temperatures, i.e., the number of times that selected 
temperatures were equaled or exceeded over a given period of record. This gives the 
designer a choice of temperatures to suit his particular needs, and also enables him to 
tell his client just how many days out of the season the cooling system can be expected 
to meet the load. 

The paper also points out that a single over-all load index cannot successfully take 
into account all the variables of compressor operation, including such items as internal 
load or night-time precooling by ventilation. However, the paper does suggest that a 
single, relatively simple index of weather conditions would be very helpful. 

Charts are presented in the paper which plot compressor operation during tests against 
maximum daily dry bulb, minimur daily dry bulb, and degree-hours above 65 F. Dry 
bulb was probably used because it is the commonest and most important single weather 
element. However, a dry bulb index does not take into account fresh air load, solar 
radiation, and wind. Fresh air load was not mentioned for this residence, but is impor- 
tant for most other buildings. 

Solar radiation is a considerable item but not nearly so important as fresh air load. 
Wind is a rather minor factor. The fresh air or moisture infiltration load is frequently a 
considerable load and is usually measured by wet bulb. Wet bulb, in my opinion, ought 
therefore to be added to the dry bulb as an additional factor obtained from the same 
simultaneous readings of record. 

To simplify the resulting dual index, consideration might be given to using a combined 
dry bulb and wet bulb index as a single figure. Such a combined outdoor temperature 
has already been proposed by a group of Federal agency engineers for use in determining 
the need of one locality against another for cooling equipment in Federal buildings. 
This combined outdoor temperature would be, in my opinion, a better base for degree- 
hours of compressor operation because it contains the important element of moisture 
load. 


K. T. Davis, Cleveland, Ohio, (WRITTEN): In considering the paper just presented, 
it should be kept in mind that this and earlier summer cooling studies made in Research 
Residence No. 2, were aimed at determining what and how much should be done to 
a well designed distribution system originally intended for heating in order to obtain 
a good summer conditioning job. Air direction and diffusion from the registers, ca- 
pacity of the duct system, performance requirements of the fan, and the variation of 
cooling capacity caused by possible reduction in air flow rate are therefore points for 
consideration. It is believed in this and the previous 1953 report, the authors have 
contributed information which has significant practical valued in the conversion of 
existing warm air heating systems into all-year comfort producing plants. 

In connection with operating costs, there are many questions which might be asked. 
Assuming a constant inlet temperature, how much did the water flow rate vary under 
different evaporator loads? How much did the electrical input to the compressor vary 
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under similar conditions? Actually, however, these factors appear to be of minor 
influence in forecasting cost of operation as compared with our own inability either to 
accurately forecast weather conditions or anticipate the indoor temperature which 
the home owner will maintain. It is interesting to note good correlation of hours of 
compressor operation with outdoor temperatures can be obtained after it has happened. 
But annual variations in summer conditions may be so great that most predictions of 
operating costs probably should be qualified on a cents per degree day or cents per degree 
hour basis, and such values then applied to local weather experience with logical ex- 
planation of possible deviations. 

Perhaps the authors could offer a little added information on two points raised in 
the paper. First, is it correct to assume the humidity ratios shown in Fig. 4 were ob- 
tained with instruments in the rooms rather than in the return duct as in Fig. 5? Sec- 
ond, would the authors further explain the reasons for the 340 cfm and 565 cfm air 
flow rates for heating, and rationalize their findings that at an 800 cfm flow rate for 
cooling the pressure losses in the system ‘‘are approximately double those used in the 
original design of the duct system”’ for heating? 


G. V. PARMELEE, Cleveland, Ohio, (WRITTEN): The authors have presented much 
useful additional information on the performance of residential cooling systems and 
it is hoped that these studies will continue. Of particular interest is the correlation of 
hours of compressor operation with outdoor weather conditions. The authors have 
commented on the difficulty of using a single index, because four separate factors affect 
the cooling load namely, outdoor dry-bulb and wet-bulb temperatures, solar radiation, 
internal heat and moisture sources, and wind speed and direction. I wish to suggest 
that the authors try to make a more detailed analysis of the relationship between com- 
pressor operation and weather. The following procedure might be used. Total solar 
radiation received per day on a horizontal plane should be a fairly accurate index of 
the total effect of this component. Either maximum daily dry-bulb or mean dry-bulb 
might be an adequate index of this component, while mean or maximum wet-bulb 
temperature would indicate the magnitude of the heat gain due to infiltrating sensible 
and latent heat. If arbitrary ranges in the values of each of these factors were set up, 
hours of compressor operation could be classified for simultaneous values of these weather 
factors. If there are sufficient data it would be possible to plot hours of operation 
against one variable with the other two held constant. Inclusion of the fourth element, 
wind velocity, might not be necessary, if it is found that day-to-day variations in total 
wind movement are small. 

The practical need for a good way of estimating operating costs is recognized as 
being urgent and the method suggested by the authors may be suitable for interim 
use. However, the difference between their datum point of 65 F, and the datum of 
70 F suggested by Gilman, indicates the need for a more fundamental analysis of the 
=— before any extensive and costly attempt is made to develop cooling degree 

ays. 

The correlation method suggested requires considerable test data for a variety of 
combinations of the weather factors. It also has the disadvantage that it ignores the 
carry-over of stored heat and moisture from one day to the next. This could be im- 
portant if weather conditions on successive days differed greatly. However, it might 
shed additional light on the subject and lead to some more suitable basis of correla- 
tion. 

Another method of attack would be to impose different weather conditions, arbi- 
trarily selected, on a thermal circuit for a given structure, and work out the cooling 
loads. The advantages of this procedure are very great. Nevertheless, very careful 
field investigations, of the type carried on by the authors, are an essential corollary to 
such a procedure. 


L. A. HALL AND S. F. GILMAN, Syracuse, N. Y., (WRITTEN): The testing of an actual 
residence is a most difficult task and inevitably leads to analyzing the type of data 
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typified by Fig. 4, where the scatter of points is considerable. Since there are always 
several variables which cannot be controlled, such papers as these provoke many ques- 
tions and comments. 

It would hardly seem necessary to investigate the effect of increasing the air flow 
rate from 600 to 800 cfm because such information should be obtainable directly from 
the equipment manufacturer. Presuming that there was some reason other than 
obtaining the capacity, what notable differences or similarities were there between the 
two series of studies at the two air flow rates? It is noted that heat flow studies were 
made during the previous season and that this paper reports heat meters were installed 
during these tests; however, no further reference to heat meters is found. Again it is 
wondered if comparisons could be made between the two different test conditions. 


It does not seem that the effect of intermittent and continuous fan operation, as well 
as addition of moisture, can be properly analyzed without taking into account the 
performance characteristics of the direct expansion equipment used. For example, 
the statement that the release of 4.5 pounds of moisture resulted in a larger amount of 
condensate is to be expected because the sensible heat factor of the equipment is a 
function of the entering wet bulb temperature. However, when and how long the 
compressor operates depends to a great extent on the sensible heat loading of the struc- 
ture. The discussion points out, and Fig. 5 presumably shows, that the weight of con- 
densate collected is not the same for intermittent and continuous fan operation for 
nearly identical days. It should be noted, however, that although the days may be 
somewhat similar with respect to outdoor wet and dry bulb, the compressor loadings 
are far from similar. In the top portion of the figure the compressor operates only 
about half the time, whereas in the lower portion it operates about three-quarters of 
the time. This in itself would lead to more condensate being collected for the latter 
case. 

It is stated that different thermostat settings will affect the number of hours of com- 
pressor operation, which is certainly logical. However, the reason for this is stated 
to be that the “rate of rise of room air temperature in a residence may be as low as 
14 to 1 degree per hour without cooling.’ This is very confusing. How is the num- 
ber of compressor operating hours a function of conditions that occur in a residence 
that is mot air conditioned? The statement is also made that the rooms in a one-story 
house will require more cooling and at an earlier hour than the first story rooms of a 
multi-story residence. How this ties into the problem is difficult tosee. To predict 
operating costs all one has to do is evaluate the total number of Btu's which must be 
extracted from a given residence for the entire cooling season. Construction differences 
should be accounted for in the evaluation of the cooling load. This cooling load, 
whether computed for a design day or for each day of the year, must enter the correla- 
tion equation for predicting operating costs. 

It is interesting to note that, in spite of the fact that the calculated heat gain is 15 
percent larger than the equipment capacity, the unit operated a maximum of 11 hours 
per day even when the design outdoor dry bulb was exceeded 14 times. It appears 
that the heat gain calculation procedure gives conservative results. Our experience 
in field testing of residences throughout the country indicates the capacity of this unit 
could be reduced to about 12,000 Btu per hr and satisfactorily cool the residence with 
a maximum temperature swing of four degrees. 

In discussing the air distribution in the living room, the statement that room air 
velocities remain below 32 feet per minute with perimeter introduction of air is a broad 
generalization and should be qualified. Finally, the pressure loss at 800 cfm is given 
as 0.40 in. of water in the system and it is stated that this value is approximately twice 
that with the winter air flow rate of 340 cfm. Since for a constant system the pressure 
will vary as the square of the cfm, it should be more like 5 times as much unless the 
system resistance has been altered by dampers. Was this what happened? 


It appears that more valid and useful results could be obtained from tests such as 
these if the analyses were made on an hour-by-hour basis instead of a seasonal basis. 
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Information such as presented is of some value because it shows general performance 
characteristics. However, it offers nothing that can be extended and generalized for 
formulating specific engineering design information. This residence is highly instru- 
mentated and therefore ideally suited for more fundamental and basic approaches to 
the mechanism of periodic heat transfer phenomena. It is hoped that the facilities 
and research efforts will eventually be directed toward areas where important con- 
tributions of a more basic nature can be made. 


AutHors’ CLosure (H. T. Gitkey): Mr. Davis asked two specific questions con- 
cerning the cooling water flow rate and the power consumption of the cooling unit. 
The average water flow rate was 149 gal. per hr of compressor operation, or approx- 
imately 2.5 gpm. An inspection of the orifice meter recorder charts indicates that the 
flow rate was a maximum at the start of each operating cycle and decreased approx- 
imately 0.1 gpm during a 15 or 20 min cycle. It should be emphasized that water con- 
serving devices were not used with this installation. The average power consumption 
was approximately 2.0 kw and did not appear to change appreciably with either evapora- 
tor load or cycle length. 

The humidity ratios shown in Fig. 4 were obtained with instruments located in the 
return air plenum. These instruments were the same as those used to obtain the in- 
formation shown in Fig. 5. The data in Fig. 4 are based upon 24 hr averages of dry 
and wet bulb temperatures. 

The heating air-flow rates were 340 cfm in Research Residence No. 2 when only the 
upstairs was heated and 560 cfm when both the basement and the upstairs were heated. 
The duct system was designed for the higher of the two flow rates, 560 cfm, and the 
extended plenums from the unit were sized for this condition. The pressure drop ex- 
perienced when circulating 800 cfm was approximately twice that experienced with 
560 cfm. It is interesting to note that 560 multiplied by the square root of 2 is ap- 
proximately equal to 800. 

Both Mr. Davis and Mr. Neiman commented on the need for some method of getting 
an index of operating cost. It was suggested that this could be based on an average 
cost per cooling degree day. Of course, this must be the objective, but it must be 
the result of work by many investigators because of the large number of variables 
involved. These include weather variables, house construction variables, occupancy 
variables, and equipment variables. The data shown in this paper are based upon 
experimental results and no basis of prediction has been suggested. 

Mr. Heider commented that no fresh air was introduced into the Residence. He also 
mentioned that it is commonly needed in other types of construction and that in some 
areas it is common practice in residential cooling. Studies have been conducted both 
with and without the introduction of ventilation air into Residence No. 2, and, at least 
for the unoccupied Residence, the primary effect of ventilation air was found to be in- 
creased operating times. 

It is pointed out by Messrs. Hall and Gilman that it is difficult to make detailed 
analyses of continuous and cyclic blower operation when direct expansion equipment 
is used, and that in Fig. 5 the compressor loadings are quite different for the two days 
shown. This is due in part to differences in weather conditions, an inevitable situation 
despite attempts to choose days of maximum similarity. It must also be considered 
that the differences in loading may be in part the result of the type of blower operation 
and as such can be considered typical. 

Attention is also called by Messrs. Hall and Gilman to the absence of information 
on periodic heat flows, and temperature profiles. It should have been mentioned in 
the paper that the results of these studies were the same as those reported in Reference 
1. In addition, References 1 and 8 indicate there might be some difficulty in cooling 
the Residence with a unit having a capacity of 12,000 Btuh. 

Each of the discussors suggested the possibility of including factors in addition to 
dry-bulb temperature in attempting to predict operating times. Mr. Parmelee sug- 
gested dry-bulb temperature, wet-bulb temperature, and total solar radiation, and he 
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suggested a method whereby the effect of each might be determined. Similar pro- 
cedures were tried on the data obtained in connection with these studies and little or 
no correlation was obtained. Further attempts along these or similar lines must be 
made, for we must be able eventually to isolate the factors which contribute to heat 
gain. The immediate need, unfortunate though it may be, is to determine the overall 
effects of the various weather, equipment, and occupancy factors on conditions within 
a house. This leaves us in the position of having to learn a lot about the forest with- 
out having an opportunity to study the individual trees. 


No. 1537 


OKLAHOMA REGIONAL MEETING, 1955 


OKLAHOMA City, OKLAHOMA 


The Regional Meeting at Oklahoma City, April 14-16, 1955—the first held under 
the new ASHAE name—broke the attendance record with a total registration of 
241. ‘This was made up of 123 Members, 44 Guests and 74 Ladies. The largest 
attendance was from Oklahoma but registrants were present from 17 states and 
the District of Columbia and Canada. 


Pres. John E. Haines opened the morning session at 10:00 a.m., on Saturday, 
April 16th, in the Crystal Room of the Skirvin Hotel, and at once called on W. J. 
Collins, Jr., general chairman, who extended the welcome of the Oklahoma Chap- 
ter, outlined the features of the program, and asked for all to register. 


President Haines told of his recent visit to the Canadian Conference in Toronto, 
and mentioned that he had visited more than 40 of the present 59 chapters in the 
last few years. He also expressed the hope that Regional Meetings would con- 
tinue and that the Society and its research activities would continue to meet its 
responsibilities to the industry and the general public. 


He reported also that the organization of two new chapters at Baton Rouge and 
Springfield, Mass. is approved. For the first time the total membership of the 
Society, with present applications, exceeds 10,000. He was also much pleased with 
the activities and accomplishments of the various committees so far this year. He 
took the opportunity of outlining some of the problems currently facing the Officers 
and Council and indicated that solutions are being actively sought. 


President Haines then turned the meeting over to Second Vice Pres. P. B. Gor- 
don, and 2 technical papers were presented and discussed (see Program on p. 279). 
The first of these papers had to do with pressure losses in divided-flow fittings, while 
the second presented the results of a study on panel cooling for a residence. 


At the afternoon session, opened by President Haines at 1:30 p.m., Saturday, 
April 16th, E. R. Kaiser, Director of Research, outlined the nature of the 23 projects 
now making up the ASHAE program. Nine are at the Laboratory and 14 are at 
cooperating institutions. He explained how they fit into the needs of a project for 
design and operational information. He stressed objectives rather than methods, 
and made it clear that in many cases the objectives cannot be reached without long 
continued study. The needs for research data are increasing, problems are pressing 
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for solutions, and he asked patience since he believed results will produce returns 
with a value at least double the costs. 


President Haines then introduced B. H. Jennings, who presided during the pre- 
sentation and discussion of 2 technical papers. One of these papers dealt with the 
subject of an analysis method to predict the behavior of solid adsorbents; while 
the second, a result of a cooperative study between the Laboratory and Tulane 
University, reported an analysis of weather data for New Orleans. 


President Haines resumed the chair and called upon B. H. Spurlock, Jr., to present 
the Report of the Committee on Resolutions which follows: 


RESOLUTIONS 


WHEREAS the first Regional Meeting of the Society under its new name ASHAE 
is about to be made a part of the history of the Society, and 


WHEREAS the meeting was held in Oklahoma City, capital of the Sooner state, 
and whose capital grounds have oil wells instead of putting greens, and located in the 
vicinity of the home of the world’s only Will Rogers, and 


WHEREAS, under the excellent direction of our Officers and Staff the aims. of the 
Society have been much advanced through the presentation of technical papers, and 


WHEREAS, the Oklahoma Chapter, through its Committee on Arrangements of 
which W. J. Coilins, Jr., its general chairman, have provided a most entertaining pro- 
gram and have been solicitous of the welfare and comforts of its guests; therefore 


BE IT RESOLVED that we express our sincere gratitude and thanks: 


TO the Oklahoma Chapter, its officers and committees, who have made this an ex- 
ceptional meeting, 


TO W. J. Collins, Jr., general chairman and G. E. Ervin chapter president, for their 
successful effort in conducting this meeting, 


TO the hotel management who has been thoughtful of our needs and comfort, 
TO the authors of the technical papers and those who participated in the discussions, 


TO the ladies of Oklahoma Chapter for their wonderful hospitality to the visiting 
ladies, 


TO Tom Collins for his humor and wit, 


TO President John E. Haines, the officers and committees, and to all others who have 
contributed their time and efforts to insure a successful meeting. 


Respectfully submitted, 
The Resolutions Committee 


B. H. Spurlock, Jr., Chairman, 
Boulder, Colo. 
John Everetts, Jr., Philadelphia, Pa. 


W. A. Grant, Syracuse, N. Y. 


The resolutions were adopted unanimously and the meeting was adjourned. 
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PROGRAM REGIONAL MEETING 


Skirvin Hotel, Oklahoma City, Oklahoma—April 14-16, 1955 


Thursday—April 14 


Executive Committee (10th Floor Studio) 
Finance Committee (10th Floor Studio) 
Chapter Relations Committee (10th Floor Studio) 


Friday—April 15 


Council Meeting (Regency Room) 

Long Range Research Planning Committee (Blue Room) 
Informal Golf at Lincoln Park 

REGISTRATION (Mezzanine) 

Sightseeing: Oklahoma City; TV Studio 

Research Executive Committee (Blue Room) 

Informal Conference of Chapter Members (East Room) 
Oklahoma Roundup: (Balinese and Crystal Rooms) 


Social Hour, Buffet Supper, Entertainment 


Saturday—April 16 


REGISTRATION (Mezzanine) 


TECHNICAL SEssION (Crystal Room) 
Call to Order: President John E. Haines 
Report of the President: John E. Haines 
P. B. Gordon, Chairman 
Pressure Losses of Divided-Flow Fittings, by S. F. Gilman, Syracuse, 
N. Y., presented by Mr. W. A. Grant, 
Panel Cooling for a Residence, by R. R. Irwin, Stillwater, Okla., and 
presented by Prof. Irwin. 
Lapies LUNCHEON AND FASHION SHOW (Continental Room) 
TECHNICAL SESSION (Crystal Room) 
B. H. Jennings, Chairman 
What’s New in ASHAE Research: E. R. Kaiser, Director of Research. 
Weather Data Analysis for Cooling System Design, by G. V. Parmelee, 
G. E. Sullivan and A. N. Cerny, Cleveland, Ohio, presented by Mr. 
Parmelee. 
An Analysis Method for Predicting Behavior of Solid Adsorbents in 
Solid Sorption Dehumidifiers, by W. L. Ross and E. R. McLaughlin, 
University Park, Penna., presented by Prof. McLaughlin. 


BANQUET (Persian Room) 

Toastmaster: Earle W. Gray 

Invocation: Rev. Thomas C. Davies, Westminster Presbyterian Church 
Indian Ceremony: Chief Jasper Sawnkeah, KiowajTribe 

Speaker: Tom Collins, Kansas City, Mo. 

Subject: Two and Two Aren't Always Four 
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COMMITTEE ON ARRANGEMENTS 


William J. Collins, Jr., General Chairman 


Finance Committee: A. C. Shelley, 
Chairman; R. R. Ellis, A. N. Hill, A. M. 
Hogan, W. R. Johnson, R. G. Keif, T. L. 
Robinson, A. H. Scott. 


Ladies Committee:L. E. Wickline, Chair- 
man; B. D. Foutz. C. O. Jensen, R. E. 
Swan. 


Transportation Committee: J. H. Carna- 
han, Chairman; B. W. Clark, A. H. Lucas, 
H. E. Rountree, J. M. Samis, W. K. 
Smauder, R. E. Thomasson. 


Entertainment and Banquet Committee: 


F. X. Loeffler, Jr., Chairman; W. W. 
Frankfurt, W. W. Kraft, H. R. Krueger, 


P. F. Oller, Jr., W. 
Williams. 


H. Stewart, R. L. 


Publicity Committee: E. W. Gray, Chair- 
man; W. V. Lefwich, W. T. Milam, J. E. 
Montin, A. R. Morin, C. M. York. 


Registration and Reception Committee: 
M. K. Cohenour, Chairman; F. E. Daw- 
son, Louis Loeffler, Jr., K. L. Sain, R. J. 
Stoll. 


Sessions Committee: J. R. Patten, Chair- 
man; T. J. Boyett, W. B. Loeffler, I. D. 
Nease, W. T. Ritter, Jr., D. B. Turking- 
ton, L. L. Von Tungeln. 


No. 1538 


PRESSURE LOSSES OF DIVIDED-FLOW FITTINGS 
By S. F. Gitman*, Syracuse, N. Y. 


IR DUCT systems are comprised of sections of straight pipe joined by fittings 

which can be classified as either the through-flow or the divided-flow type. 

The abrupt contraction illustrated in Fig. 1 is typical of through-flow fittings. 

For engineering purposes the loss of head in this fitting is expressed by the Carnot- 
Borda equation 


in which 
H = loss of head, feet of fluid. 
V 


mean velocity at cross section designated by subscript, feet per second. 
g = acceleration due to gravity, feet per (second) (second). 


This equation generally appears in the form 


where C, is a coefficient of contraction which depends on the ratio of the downstream 
and upstream areas; i.e. A2/A;. For air conditioning systems the volume rate of 
flow of air in each portion of the duct system is usually known in advance. There- 
fore, once the size and shape of a through-flow fitting is selected, the pressure loss 
can be evaluated from engineering data available in the literature, together with 
the continuity equation for constant density, 


in which 


Q = volume rate of flow. 
A cross section area. 


A typical divided-flow fitting is illustrated in Fig. 2 and in contrast with the 
through-flow type, the continuity equation involves three cross sections; thus 


As indicated by the broken line in Fig. 2, a streamline can be envisioned 
as separating the flow that is diverted into the branch, Q», from the straight-through 


‘ hr eel Conditioning Systems and Equipment Section, Research Department, Carrier Corp. Member 

Presented at the Oklahoma Regional Meeting of the AMERICAN SOCIETY OF HEATING AND AiR-CONDI- 
TIONING ENGINEERS, Oklahoma City, April 1955. 
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flow, Qa. The shape of such a streamline and its point of contact with section u, 
over which the velocity is constant, will vary with the proportion of the total flow 
Qu diverted into the branch. Since the flows on either side of the streamline have 
different histories, the mechanical energy per unit mass at section b will not neces- 
sarily be equal to the corresponding quantity at section d. Consequently, it is 
necessary to consider the energy dissipation in the diverted and straight-through 
portions separately. 

Another distinguishing characteristic of divided-flow fittings is that the pressure 
loss is a function of the ratio of two characteristic velocities or flow rates; conse- 
quently, compared with the through-flow fitting the divided-flow type involves one 
additional variable. This was demonstrated experimentally by Vogel! and by 
Holl? and Konzo* through dimensional analysis as well as experiments. 


SECTION | SECTION 2 
T | 
| | 
| 
A 
| T 
| A2 
Q2 
| 
Q, 
| 
| 
| 


| 
| 
| 
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Fic. 1. ABRUPT CONTRACTION, A TYPI- 
CAL THROUGH-FLOW FITTING 


Considerable research on divided-flow elements has been conducted by Thoma 
and his associates at the Munich Hydraulic Institute. Water was used as the fluid 
and the investigations were restricted to elements having a main pipe of the same 
size and shape at cross sections u and din Fig. 2. Vogel! reported an investigation 
of various right-angle pipe tees; Petermann® and Kinne® reported studies of 45 and 
60 deg oblique-angled pipe branches, respectively. Other reports of experiments 
utilizing water are those concerning the Boulder Dam’ and a power station in Swit- 
zerland’. McNown and Hsu® have presented a theoretical treatment in which 
conformal mapping is utilized to determine the characteristics of divided flows. 
Concerning types of divided-flow fittings common to air conditioning, laboratory 
investigations have been reported by Korst”, Holl? and Konzo’, as well as ina series 
of 12 reports issued by the U.S. Navy". 

Although considerable research has been conducted, the behavior of the pressure 
loss curves has yet to be suitably explained. Also, the results of the several investi- 
gators often appear to be in poor agreement. Although this poor agreement is 
partially due to differences in experimental results, it is also partially due to the 
different bases used for expressing the results. Sufficient information now appears 
available so that the behavior of the loss curves for the diverted-portion of the total 
flow can be explained in a rational and conclusive manner. In addition, the prob- 
able best relation expressing the pressure loss in the straight-through section can be 
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indicated, although the available data are not nearly as extensive. Since the two 
flows in the divided-flow fitting must be considered separately, that in the straight 
through section is considered first. 


STRAIGHT-THROUGH SECTION 


Of the two flows, that in the straight-through section is the less complex because 
in continuing down the main (see Fig. 2) it does not experience the change in direc- 
tion that the flow into the branch does. Moreover, the area at section d is 
ordinarily equal to that at section u or somewhat less, but rarely is the reduction so 
great that Vq exceeds Vy. Hence the flow in the main is almost invariably a re- 
tarded flow, whereas the flow in the branch can be either retarded or accelerated with 


SECTION u SECTION d 
Au Ag 
Qy Qq 


BRANCH 


Fic. 2. TypicaL DivipED-FLow FITTING 


respect to Vy depending upon the proportion of the total flow at section u diverted 
into the branch. 
The usual expression for the loss of head in the straight-through section is 
Ha = [Pu + (V%u/2g)] — [Pa + (V%a/2g)] — (5) 


in which 


static head at measuring station at designated cross section, feet of fluid. 
nominal loss of head due to friction in the pipe section between sections 
u and d, feet of fluid. 


uFa 


It should be noted in Equation 5 that the nominal friction loss yF4 is deducted 
from the difference in total heads; hence, Hq is considered to be concentrated at 
the section at which the main and branch pipes join. The head loss is thereby 
expressed on the conventional no /ength basis, which has the advantage of permit- 
ting direct comparison of results by different investigators whose measuring stations 
(sections u and d in Fig. 2) were located at different distances from the junction. 

Most of the investigators expressed results as dimensionless plots of either the 
flow-rate ratio or velocity ratio as independent variable and a loss coefficient as the 
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dependent variable. This loss coefficient is defined soinetimes!! as 


= Ha/(V2a/2g) 
and sometimes! as 
Na = Ha/(V'a/2g) 


Hence, care must be exercised in interpreting results as the loss may arbitrarily be 
referred to either the upstream or downstream velocity head. 

Comparison of the reports of Vogel':*, Petermann® and Kinne® shows that a single 
curve can be used to closely represent their results. This means that the loss of 
head in the straight-through section is independent of the size of the branch and its 
angle with respect to the main. Such a curve is given by the parabola 


The physical significance of this equation can be made clear by expressing it in a 
different form. By the continuity equation (Equation 4) it is possible to express 
(8) as 


or, since the areas at sections u and d are equal, 
Ha/(V7u/2g) = 0.35 [1 — (Va/Vu)? O10) 
which simplifies to 


Comparison of this equation with the Carnot-Borda equation for abrupt expansion 
given by Equation 1 shows that the loss of head in the straight-through section of 
the divided-flow element is 0.35 of the Carnot-Borda loss for the same velocities. 

Equation 11 is based on experiments using water as the fluid. For the flow of air 
in ducts the commonly used equation is, when expressed in general units of feet of 
fluid flowing,” 


This equation is not equivalent to Equation 11 and generally yields considerably 
larger values of loss for similar flow conditions. Comparative values are shown in 
Fig. 3. It should be noted that Equation 11 is restricted to the condition Ay = Aq 
whereas the source” of Equation 12 imposes no restrictions on the respective areas. 
However, the latter equation is not valid for Vq> Vy since a negative result would 
be obtained. The work of Konzo® indicates the factor 0.5 in Equation 12 is very 
conservative for the majority of flow conditions, and that it ordinarily varies from 
0.25 to as low as 0.05. 

From the Navy reports'! covering a wide range of branch angles for round and 
rectangular ducts, a representative value for the straight-through section for branch- 
ing angles between 30 and 90 deg is 


which again indicates the loss is essentially independent of the size and shape of the 
branch and its angle with the main. These reports also illustrate the caution which 


! Exponent numerals refer to References. 
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must be exercised when interpreting results of various investigators. Detailed ex- 
amination of the laboratory data shows that Equation 13 includes the nominal fric- 
tion loss between measuring stations separated by approximately four feet of duct. 
When this loss is deducted in accordance with Equation 5, the value reduces from 
0.25to0. Since the tests were conducted with equal velocities in the 8-in. diameter 
upstream and 5.5-in. diameter downstream cross sections of the fittings, the latter 
agrees with that which would be obtained from Equations 11 and 12. 

Since the flow along the main does not experience the change in direction that the 
flow into the branch does, the pressure loss in the main would ordinarily be expected 
to be less than that in the branch. This is clearly shown by the Navy tests! con- 


N 
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Fic. 3. COMPARATIVE RESULTS FOR STRAIGHT-THROUGH 
SECTION OF DIVIDED-FLOW FITTING 


ducted with the fitting shape of Fig. 4. For branching angles of 90, 60, 45 and 30 
deg, the straight-section loss is 14, 23, 39 and 58 percent, respectively, of the head 
loss in the branch. Thus, in the case of the more commonly used fitting (90 deg 
branch) the straight-through section is very efficient in comparison with the branch 
section. 

From the present state of knowledge, Equation 11, which predicts the lower loss, 
appears to best represent the actual flow conditions in the straight-through section 
of divided-flow fittings. 


DIVERTED-FLOW SECTiON 


; As with the straight-through section, the loss of head in the diverted-flow section 
is a function of the flow-rate ratio Qpy/Qu or the velocity ratio Vp/Vy. Conse- 
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quently, the loss in the branching section also involves one more variable than 
through-flow elements. Referring to Fig. 2, the ratios are related by the equation 


The use of velocity ratio as independent variable has been found to provide better 
correlation than the flow-rate ratio®:“"5. Therefore, the flow configuration in terms 
of the velocities in the immediate vicinity of the entrance apparently contributes 
most to the formation of the entrance loss. 


20 


Fic. 4. Fittincs Usep IN SEVERAL 
Tests By U. S. Navy 


For the fitting illustrated in Fig. 2 the loss of head is given by 
Hy = [Pa + (V%u/2g)] — [Po + (V%/2g)] — — 


in which 
uF; = nominal friction loss in the pipe section between u and the junction of 
the branch pipe, feet of fluid. 


i/» = nominal friction loss in the pipe section between the junction of the pipe 
and section b, feet of fluid. 


Hence, the loss is expressed on the 1o /ength basis. 
The loss coefficient used in compiling the data in dimensionless form is sometimes? 
defined as 


and sometimes’ as 


Therefore, as with the straight-through section, care must be exercised when inter- 
preting the results of different investigators. 

Typical results for the diverted flow are presented in Fig. 5. The original data 
have been transposed from the Boulder Dam report’ with the abscissa changed from 
Q»/ Qu to Vp/ Vu by application of Equation 14. Comparison of the curves shows 
that the conical entrance to the branch yields much lower values at the higher 
velocity ratios. That both curves join at the point V,/Vy = 0 and X’, = 1.0 is 
significant because it leads to intuitive reasoning that the behavior of the curves 
can be explained in a rational manner. 
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Tue Enp Point V>/Va = 0 


Consider the fitting shown in Fig. 6(A) which has a branch oriented at some angle 
§. The given flow conditions represent the limiting case of no flow in the branch; 
i.e., the branch damper is completely closed. The branch then acts as a static- 
pressure tap connected to the main. The pressure head in the branch is 


SOURCE: BOULDER DAM REPORT ” 


4 Vb/ 


Fic. 5. Loss COEFFICIENT (A’)) OF THE DIVERTED 
FLow For Two DivipED-FLow FITTINGs 


and Equation 15 reduces to 

However, since there is no flow in the branch the last two terms disappear and we 
have 


(20) 


and from Equation 17, 


which agrees with Fig. 5 at V,/ Vu = 0, the condition for which Equation 21 applies. 

That this result could be predicted was evidently not realized when the Boulder 
Dam report’ was formulated, because at V},/ Vy = 0 the empirical equations given 
in the report yield 0.8 and 0.5 for curves 1 and 2, respectively. 
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Tue Env Point = © 


Having considered the limiting case V,/Vy = 0, attention is now turned to the 
other limiting case of V,/Vy = © which is illustrated in Fig. 6(B). If the diameter 
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Fic. 6. LimitinG Conpt- 
TIONS FOR DivipED-FLOW 
FITTING 


of the main is very large, 1’, becomes, essentially, zero. The loss of head at the 
junction is then equivalent to the loss of head in a pipe entrance flush with the wall 


of a quiet reservoir. 


According to Weisbach" this loss is 


/(V*,/2g) = 0.50 + 0.30 cos + 0.23 cos?76. . . . . (22) 
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or 
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in which 


6 = branching angle as defined in Fig. 6. 


From this equation and Equation 20 the two end points of the branch curves for 
fittings of the geometry shown in Fig. 6 can be determined. It now remains to 
explain the shape of the curves connecting these end points. 
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Fic. 7. INFLUENCE OF BRANCHING ANGLE @ 


THE CONDITION OF MinIMUM Loss 


Typical curves relating velocity ratio to the loss coefficient defined by Equation 
16 are presented in Fig. 7. The area ratios are the same but the branching angles 
are different. Since curve 1 does not have a minimum whereas the others do, and 
since curves 2 and 3 cross, the initial impression would be that no particular correla- 
tion could exist between them. However, it can be shown that they have a logical 
behavior. 

First, from Equation 22 the loss coefficient at 1), Vy = © increases as 6 decreases. 
The values at this limiting condition are represented by the correspondingly num- 
bered dotted lines in Fig. 7. Since they are in the reverse order of the curves orig- 
inating at the upper left, the curves must eventually cross. Consequently, the 
crossing of curves 2 and 3 is an explainable behavior. 

It can also be deduced that the curves should have minimums. Consider a main 
pipe having a small aperture from which a stream issues at some angle 6. If the 
flow is presumed one of constant mechanical energy the velocity diagram will be 
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that shown in Fig. 8. Here Vy is the component in the direction of the axis of the 


main. The velocity corresponding to the static pressure gradient, V 2¢(Pa — Ps), 
isnormal to Vy. Since the resultant is V, the velocity ratio is simply 


Therefore, there is a natural angle of discharge associated with each value of velocity 
ratio. The relationship is shown graphically in Fig. 9. When this natural angle 
coincides with the angle of the branch, an optimum condition, and hence a point of 
minimum loss, should be expected. 

From Equation 23 or Fig. 9, anticipated minimum values for the curves of Fig. 7 
are ©, 2.00 and 1.41 for the angles of 90, 60 and 45 deg, respectively. From the 
curves themselves, curve 1 does not have a minimum in the range of the 
data whereas curves 2 and 3 have minimums at velocity ratios of 1.75 and 1.25. re- 
spectively. The agreement between the expected and actual minimums is, there- 
fore, good. 


Vb V29 (Py Pp) 


Fic. 8. VELocITy DIAGRAM 
FOR FLOW FROM A SMALL 
APERTURE 


That the actual minimums occur at somewhat lower velocity ratios than the 
calculated minimums can also be explained. . The analysis leading to Equation 23 
did not consider any change in the velocity in the main because the aperture was 
presumed to be very small. This condition certainly is not valid for the fittings of 
Fig. 7. It is, therefore, necessary to consider the effect of the size of the branch 
duct on the value of velocity ratio at which a minimum would be anticipated. 

Referring to Fig. 2, consider the flow conditions along the entrance to the branch. 
At the upstream edge the velocity will be Vu, whereas the velocity at the down- 
stream edge, Vg, will be less than V, because the area of the main is constant and 
some of the flow has been diverted into the branch. Hence, along the entrance 
section the velocity will decrease in some manner from V, to Vg. If the flow is one 
of constant mechanical energy, from Bernoulli's equation the pressure will rise 
correspondingly across the section. However, it is not necessary to restrict these 
considerations to an ideal fluid, because a velocity reduction and pressure rise will 
also occur with a real fluid, the difference being only the amount that the pressure 
will rise. With either fluid the net result is that at the downstream edge of the 
entrance section the velocity component of Vy along the axis of the main is less than 
that at the upstream edge; and the static pressure gradient, which yields the com- 
ponent normal to the axis of the main, is greater. As a consequence, the natural 
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angle of the stream at the downstream edge is greater than at the upstream edge. 
The minimum loss would, therefore, be expected to occur at some angle of discharge 
between these two extremes, and hence at an angle greater than calculated from 
Equation 23. Applied to a branch duct oriented at a specified angle, this means 
that this natural angle and the branch angle will coincide to form a condition of 
minimum loss at a value of velocity ratio /ess than that given by Equation 23. As 
previously discussed, the velocity ratios at the values of minimum loss for curves 
2 and 3 of Fig. 7 are actually somewhat less than predicted; the experimental re- 
sults are therefore in agreement with this concept. 

Application of this concept to divided-flow elements having the same size of main 
duct and the same branching angle 0, but different branch sizes, yields the conclu- 
sion that as the branch size is progressively increased the minimum values will 
occur at progressively lower velocity ratios. In air conditioning duct systems the 
branch size is ordinarily less than half the size of the main. Because of this and the 
fact that the slope of the loss curve will change slowly near the minimum, Equation 
23 and Fig. 8 are considered of sufficient accuracy for engineering purposes. 
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Fic. 9. NATURAL ANGLE OF EFFLUX 


PREDICTED Loss EQUATION 


The most commonly used type of fitting is that with the branch perpendicular to 
the axis of the main; 7.e., 0 = 90 deg in Fig. 2. For this type, from Equation 22 the 
loss of head at V,/Vy = © is 


An expression for the loss must satisfy this condition as well as the limiting condition 
at V,/Vu = 0 given by Equation 20. Moreover, since from Equation 23 the loss 
coefficient curve does not have a minimum at a finite velocity ratio, it must be either 
a continuously increasing or a continuously decreasing function. The simplest 
relation satisfying all three conditions is the sum of Equation 20 and Equation 24 
because neither contributes to its opposite limiting condition. Thus, 


or, from the definition of A, given by Equation 16, 
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This relationship is shown as the dotted line, curve 4, in Fig. 10. The results of 
three independent laboratory investigations are also presented for comparison. 
Curve 1 has been obtained from the correspondingly numbered curve in Fig. 5 after 
converting from the \’, to the Ap basis. Curve 2 shows the results of Vogel witha 
fitting geometrically similar to that of curve 1 but smaller (branch diameter of 0.59 
in. vs. 3.49in.). Curve 3 was obtained with a 12-in. x 8-in. main and a 7-in. diam- 
eter branch with air as the fluid. The agreement between curves 1 and 3, with 
water and air as the respective fluids, is excellent although the fittings were not 
geometrically similar. In addition, the agreement of these two curves with the pre- 
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Fic. 10. RESULTS FoR 90 DEG BRANCHES AS OBTAINED 
BY DIFFERENT INVESTIGATORS 


dicted equation given by Equation 26 is remarkable and evidently validates the 
method of analysis applied to the right-angled junction. 

Deviation of curve 2 from the rest is apparently due toa scale effect; e.g., different 
relative roughnesses of the surfaces, resulting from the extremely small pipe sizes 
with which Vogel conducted his experiments. Since Korst!° has shown that higher 
values of A, are to be expected at low Reynolds numbers, the fact that curve 2 is 
above the rest, rather than below, would be anticipated. 

The predicted loss equation is also compared in Fig. 11 with the theoretical results 
of McNown’, from which it is seen that Equation 26 yields the same shape of curve 
but somewhat higher values. This is to be expected because the free-streamline 
theory presumes that the flow is one of constant mechanical energy (no loss in total 
head) up to the vena contracta of the jetin the branch. Taking this into considera- 
tion, the agreement between the curves is very good, especially for the more practical 
area ratio of 1/16. 

It is hence concluded that Equation 26 accurately predicts the loss of head in the 
divided-flow fittings illustrated in Fig. 2 with a branching angle of 90 deg. For 
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branch ducts at other angles the condition of a minimum eliminates the possibility 
of determining a simple analytical expression to represent the loss curves. How- 
ever, for engineering purposes values for the most frequently occuring angles 
can be obtained from Fig. 7. 

It is also evident that the flow characteristics in the diverted-flow section of such 
divided-flow fittings can be explained rather clearly in a rational and conclusive 
manner. 
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Fic. 11. COMPARISON OF PREDICTED AND FREE- 
STREAMLINE THEORY RESULTS 


PRACTICAL INTERPRETATION OF RESULTS 


From the loss coefficient curves for the type of fitting shown in Fig. 2, it is possible 
to develop practical information for designers of air duct systems, some of which 
will be presented. It is hoped that a thorough treatment of the practical aspects 
can be given in a future paper. 

For air at the standard density of 0.075 lb per cu ft, Equation 11 becomes 

Ha = 0.35 ((Va — Va) /4005P . (27) 
and Equation 25 becomes 


Hy = 0.5 (Vi/4005)? + (Vu/4005)? 


where // is now expressed in inches of water and represents a loss in total pressure, 
and V is in feet per minute. 
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Consider a main of constant cross section with several branch ducts at right 
angles. Since a portion of the total flow is diverted into the first branch the volume 
rate of flow in the main, and hence the velocity, will be reduced. Asa consequence, 
Va is progressively less at each branch. For the same velocity in each branch, 
the pressure loss in the diverted portion of the total flow (Equation 28) will also be 
successively less. Since the loss in the main (Equation 27) is small, if the distance 
between fittings is not great then the total-pressure loss of the first branch will 
exceed that of the combined main duct and last branch. This indicates that careful 
consideration should be given to the first few fittings during the design process. It 
also demonstrates that the commonly found instruction to select the longest and most 
complicated run of duct and select the fan to overcome its pressure loss can lead to an 
erroneous pressure requirement for the duct system. 

That the losses in different branches may vary considerably is of particular impor- 
tance to systems composed of several short branch ducts spaced relatively close 
together alonga main. Suppose a main of constant area is to have several branches 
of equal lengths oriented at 90 deg toit. If the spacing between branches is small, 
the branch farthest downstream will have the highest flow rate while the one farthest 
upstream will have the lowest. On the other hand, if it were desired that each 
branch deliver the same cfm of air, the calculations would show that the upstream 
branch would have to be larger than the downstream branch. 

As a further practical consideration one possible way of handling the same flow 
rate with the same size and length of branch is to vary the branching angle. 

The fact that Fig. 10 shows the pressure loss to be more than 8 branch velocity 
heads at Vy/Vy = 0.35 gives the impression that an extremely serious situation 
would exist if such low values of velocity ratio were experienced in a duct system 
Such is not necessarily the case. For a given value of Vy, as Vp/ Vy decreases Vp 
also decreases; but when the number of velocity heads increases rapidly the branch 
velocity head decreases even more rapidly and the net effect is the reverse of ex- 
pectation. For example. with Vy = 2000 and V;, = 2000, V,/Vu = 1.0 and I, 
= 0.375; whereas for the same Vy and V,,/Vy = 0.35, Vp = 700 and Hy = 0.280 in. 
of water. Thusit is seen that even though the loss is 8.65 velocity heads for the lat- 
ter case the total-pressure loss in inches of water, instead of being an expected ex- 
tremely large value, is actually 25 percent Jess than that for the expected low-loss 
condition. 

Dimensionless plots typified by Figs. 10 and 11 are of value from a research stand- 
point but they are not essential to the design of duct systems and tend to give mis- 
leading impressions. Equations 27 and 28 give the respective losses in total- 
pressure for the main duct and the 90 deg branch of the Fig. 2 fitting, and these 
equations furnish all the information the application engineer needs. 


CONCLUSIONS 


1. Analysis of divided-flow fittings is more complex than through-flow fittings because 
an additional variable is involved. 

2. The pressure loss can arbitrarily be referred to either of two characteristic velocity 
heads; hence, care must be exercised when interpreting results of different investigations. 

3. The behavior of the loss coefficient curves can be explained in a rational and con- 
clusive manner. 

4. Application of concepts developed yields a predicted equation for the pressure loss 
which is in excellent agreement with experimental results. 
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5. The results of the analyses provide practical information of direct aid to designers 
of air duct systems. 
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DISCUSSION 


P. B. Gorpon, New York, N. Y.: The author is to be complimented on this con- 
tribution to the total literature having to do with this field of endeavor, information that 
ultimately permits translation into application data. 

You will note that it was pointed out that, as we tend toward higher velocities and as 
the velocity heads go higher, the need for conserving energy and the need for more 
accurate determination of fitting losses becomes of increasing and more serious impor- 
tance. That which is not too important at velocities of a thousand to two thousand feet 
a minute becomes of extreme importance as we go to three and four thousand feet a 
minute and higher. 

It also shows a need for some creative work that could be done in the field of designing 
or studying optimum fittings that would provide for the lowest possible pressure loss at 
the fitting. 


Joun Everetrts, Jr., Philadelphia, Pa.: This is a most interesting paper and, I believe, 
brings us to a point where we can properly evaluate pressure losses in duct outlets. 

I would like to ask the author, in regard to Fig. 5, which shows the loss coefficients for 
the two divided-flow fittings, one a straight outlet and the other with a conical outlet, 
showing a ratio between the two types of about two to one, why all the other data and 
curves are predicated only on the straight outlet rather than the conical. It was men- 
tioned that data from this paper are important in high velocity work, but no mention is 
made that it is far more important in a dual-duct system, which not only has high velocity 
but also varying quantities of air in the hot and cold duct, which accentuates losses as 
against those of a high velocity duct in which the X point is constant. 

I think perhaps that conical fitting connection may be far more important in that type 
of system in relating our pressure losses than would be indicated in this paper. 

I also wish to compliment the author on his last page here, in which he says “Practical 
interpretation of results’. Very seldom do we get a technical paper before this Society 
in which we in the design field can apply this information to practical results, and that 
has been the criticism for a long time which has been thrown at the Committee on 
Research. 

I would like to have that compliment sent back to the author. 


AutHor’s CLosiRE: I agree wholeheartedly with Mr. Gordon’s comment that the 
present trend tovvard higher duct velocities makes it imperative that 1) pressure losses 
of fittings be accurately known, and; 2) fittings having the lowest possible pressure losses 
should be developed specifically for high velocity systems. 

In reply to Mr. Everetts, the reasons for emphasizing the straight, rather than conical, 
takeoff are twofold. First of all, the straight type is the one most commonly used and 
therefore of greatest immediate concern. Secondly, very little research has apparently 
been conducted on conical takeoffs. probably because of the additional fabrication cost 
involved and unawareness of its efficient performance. Mr. Everetts’ compliment on 
interpretating the research results in terms of application engineering design data is 
sincerely appreciated. 
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PANEL COOLING FOR A RESIDENCE} 


By R. R. IRwin*, STILLWATER, OKLA. 


HE COOLING phase of the process of air conditioning always has been one 

of the major problems in widespread residential application. The equipment 
required to carry out the cooling is both complicated and expensive, and requires 
high-grade and expensive energy for operation. These factors have been largely 
responsible for the many attempts to provide cooling for human comfort without 
using refrigeration equipment. 

A basic factor to be considered is that all refrigeration processes result in heat 
being transported from the space or material being cooled to some medium existing 
ata higher temperature level. The usual medium to which this heat is transferred 
is the earth or its surrounding atmosphere. This heat transfer is usually accom- 
plished by the well known air-cooled, water-cooled and evaporative condensers. 
It is evident that the air-cooled and evaporative condensers discharge their heat 
directly to the medium, atmospheric air. Since most water-cooled condensers now 
use, or are of necessity being converted to, cooling towers as a source of cooling 
water, we might say that almost all refrigeration systems discharge their heat to 
this medium, atmospheric air. The size of equipment and amount of energy re- 
quired to carry out this cooling process is a function of temperature of this medium. 
the atmospheric air. . 

Two different temperature levels are available in the atmospheric air. They are 
the dry-bulb and wet-bulb temperatures. The dry-bulb temperature is the air 
temperature as recorded on the standard thermometer and the maximum usually 
encountered in central Oklahoma ranges from 95 to105F. The wet-bulb tempera- 
ture, which represents the depression of the temperature by evaporative cooling, 
ranges downward from around 78 deg in extremely hot weather in that same 
locality. 

Many attempts have been made to furnish the cooling effect required in summer 
to provide comfort for the human body. It is obvious that atmospheric air at 
temperatures above the normal body temperature is not going to provide effective 
cooling. The lower wet-bulb temperature of the atmosphere has challenged many 
men to develop a simpler process than the refrigeration system that has long been 
used for that purpose. 

The familiar evaporative cooler is an example of an attempt to apply the wet-bulb 
medium directly for cooling. These units have a major fault in that the nature of 
the process results in the addition of moisture to the space being cooled, while the 


t This paper is the result of research by the School of Mechanical Engineering and the Division of Engi- 
neering Research, Oklahoma Agricultural and Mechanical College. 
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most desirable process is one that removes moisture. Evaporative systems were 
being used for many applications a few years ago, but, due to the limited comfort 
results obtained, they are being superseded in many areas. 


PANEL COOLING RESEARCH 


Realizing the limitations of the usual evaporative cooling equipment, but reason- 
ing that the wet-bulb temperature level was low enough to produce human comfort, 
the author initiated a research project in this field in 1949. 

In this research, it was proposed to obtain cooling of a medium by circulating 
water, cooled by evaporation in a cooling tower, through a panel cooling system 


20'- 0" 


Fic. 1. FLooR PLAN OF THE APARTMENT 


similar to the conventional hot water panel heating system. The panel cooling sys- 
tem was visualized as coils of pipe built into both the ceiling and walls of the test 
unit. By including the coils in both walls and ceiling a means would be provided 
to intercept the heat flowing into the space from the outside. 


PRELIMINARY Hot Box TEsTs 


In the first stage of the investigation, a typical section of a frame building wall 
equipped with a pipe coil was tested in a guarded hot box. By testing the section in 
the guarded hot box any desired summer temperature could be simulated inside the 
box. Since the temperature of water from a cooling tower is a function of the out- 
side air wet-bulb temperature, the tests were run with variable water temperatures 
in order to predict the overall performance of the cooling panel. These tests fur- 
nished values for inside wall surface temperatures to be obtained with various 
cooling water temperatures when the wall was subjected to a heat source similar to 
that caused by outside summer heat. 

This preliminary work provided some useful guides for further investigation. 
The results indicated that the temperature of the water flowing through the panel 
coil was at all times lower than both the inside and outside wall surface tempera- 
tures, indicating that heat was flowing from both surfaces to the coil inside the 
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wall. The logical conclusion would be that a cooling panel of this type could stop 
successfully the flow of summer heat from outside to the interior of a building. It 
would also be logical to conclude that this same panel will have a cooling effect on 
the interior of a building. 


Tue Test APARTMENT 


The investigation with the guarded hot box left the impression that a building 
might have a heat gain from various sources in excess of the cooling ability of the 
system. However, the results were so encouraging that it was decided to expand 
the research, and conduct tests under actual living conditions in an apartment in 


Fic. 2. OutstipE VIEW OF APARTMENT SHOWING ALSO 
THE COOLING TOWER 


the college housing facilities. The unit selected (see Figs. 1 and 2) was a one-story 
frame structure about 20 ft suqare, isolated on one side by a covered breezeway 
about 10 ft wide and on another side by a storage room, with two weather-exposed 
walls. The floor consisted of a concrete slab on the ground. The stud spaces in 
the walls were filled with loose rock wool, and the ceiling was covered with the same 
material. The panel coils, consisting of 34 in. copper tubing on centers of 6in., were 
mounted on the inside of the existing wall board. The coils were then covered with 
plaster to form new walls and ceiling for the interior. The installation of a water 
circulating pump and cooling tower completed the cooling system. 

Since the purpose of the research was to determine the effect of the system on 
human comfort, it was decided that the apartment should be rented to tenants by 
the college with the understanding that the tenants would cooperate with the test- 
ing. Recording instruments were used to obtain data on the temperature and rela- 
tive humidity, both inside and outside, and water temperatures on entering and 
leaving the panel coils. In addition, the occupants were interviewed at various 
times, and a number of people who visited the apartment were interviewed concern- 
ing their feeling of comfort. 


Test RESULTS 


From the data recorded over a period of two years testing, Figs. 3, 4, 5, 6, and 7 
have been prepared showing data of representative typical days from the standpoint 
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of summer weather conditions. Figs. 3 and 4 represent typical hot summer days 
with some variation of humidity. Fig. 5 represents the hot dry summer day, while 
Fig. 6 represents the cool dry day and Fig. 7 represents the cool humid summer day. 

A feature noted as the test charts were studied was the small variation in the 
values of inside temperatures and humidities. Many of the test charts (not shown 
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here) indicate inside temperature variations not to exceed 1 deg, while the outside 
temperature varied by as much as 20 deg. 

The technical data obtained from the apartment test unit agree with the data 
of the preliminary guarded hot box investigation to a very great extent. However, 
the resulting inside atmospheric conditions from the apartment test and their effect 
on comfort were rather startling. The tests indicated that the inside temperature 
at no time during the whole period exceeded 82 14 F with outside temperatures reach- 
ing as high as 106 F. Since no attempt was made to control the inside temperature 
of the apartment, the room temperatures varied from the maximum to the low 
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seventies, depending on the outside wet-bulb temperature. As was to be expected, 
the relative humidity in the room varied somewhat with the outside relative 
humidity, but not uniformly. The test instruments recorded a condition of around 
70 percent RH (relative humidity) on muggy days. The occupants indicated that, 
while they felt cool, the air had a close, stagnant feeling. The use of an ordinary 
room fan provided enough air circulation to remedy this situation. The occupants’ 
comfort reaction after two summers of testing ranged from very comfortable to fairly 
comfortable, but at no time was a feeling of discomfort reported. The reactions of 
the various visitors interviewed agreed in the main with the occupants’ feelings. 
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Wuy No Discomfort? 


Plotting values of inside temperatures and humidity on the comfort chart readily 
explains the comfort reactions of the people from very comfortable to fairly comfort- 
able, but it does not explain the failure to register discomfort, as some of the values 
do not fall within the comfort zone. The explanation of the degree of comfort seems 
to lie in the effect of radiation on the heat loss of the human body. A widely used 
equation! gives some indication of the relation between air and surface temperatures 
and a feeling of comfort. The equation is 


where 


tz = mean surface temperature, Fahrenheit degrees. 
t, = room air temperature, Fahrenheit degrees. 
160 = a constant* based on air and surface temperatures of 80 F. 


A study of a typical residence cooled by circulating cool air will show that the 
temperatures of the inside surfaces of ceilings, exposed walls, windows and doors 
are higher than the room air temperature. Normally, the surfaces of the floors and 
partition walls are cooler than or equal to the room air temperature. If the mean 
value of these surface temperatures is greater than 80 F, then the room air must be 
maintained at a temperature below 80 F to give the desired feeling of comfort. 

It would seem to follow then, that the factors of temperature and humidity of air 
and the temperatures of surrounding surfaces must be evaluated in determining the 
degree of comfort of aroom. When this investigation was started, it was felt that 
the lack of dehumidifying equipment in the system would result in conditions of 
discomfort during muggy weather. The test data show that conditions of high 
humidity did occur, but the reactions of the occupants were not ones of discomfort, 
as expected from the comfort chart. In fact, the occupants at times expressed a 
preference for the conditions maintained in the apartment to those maintained in 
the usual air conditioned spaces. There can be no doubt that the radiant cooling 
effect of wall and ceiling panels offsets the warming effect of the high humidity. 

This theory would seem to be borne out by other research? carried out at the Uni- 
versity of Florida. A study of the use of water spray to cool roofs of buildings in- 
dicated that the feeling of comfort was improved by cooler ceiling temperatures with 
no accompanying reduction in the air temperature of the space. 


CONCLUSION 


No attempt has been made in this report to present in detail the great mass of 
data collected or to describe the testing procedure in detail. It is recognized that 
all phases of the research have not been completed. Unfortunately, the testing 
facilities did not permit a full evaluation of the radiation effect on the occupants’ 
comfort. 

The use of cooling panels in rooms having a high internal heat gain and com- 


! Radiant Energy Exchange as a Factor in Airplane Cabin Heating, by B. F. Raber and F. W. Hutchinson 
(Journal of the Aeronautical Sciences, July 1944). 

* For heating, this constant is usually stated as 140, but 160 is believed more nearly to indicate the rela- 
tionship to the higher air and surface temperatures involved in cooling 
y re Roof aa for Reduction in Transmitted Solar Radiation, by G. E. Sutton (ASHAE TRANSACTIONS, 
fol. 57, 1951, p. 321). 
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paratively small weather walls and ceilings would present a different problem from 
that encountered in the type of residence tested. 

Air motion is an important factor in comfort control, and it seems unlikely that 
a panel cooling system without any means of circulating air would be as comfort- 
able as desired. It is likely that some applications would have latent gains that 
would require dehumidifying equipment in addition to the panel cooling system. 

However, the conclusion, based on the test data and the comfort reactions of the 
occupants, indicates that it is possible to provide summer comfort in a residential 
unit with a panel cooling system using a cooling tower as the only source of cooling 
effect, at least in the summers experienced in Oklahoma. 


DISCUSSION 


Joun R. Wart, Austin, Tex., (WRITTEN): Professor Irwin must be congratulated for 
performing this experiment. His results emphasize a principle long evident to many 
engineers in the Southwest :—air conditioning is possible in this region without the ex- 
pensive equipment necessary in more humid areas. 

Unfortunately, manufacturers design cooling equipment for the East, Southeast, and 
Middle West, not the Southwest. Thus, local engineers and contractors must usually 
forfeit the cooling possibilities afforded by the climate. Their customers thereafter 
consume 40-60 percent more power than necessary, taxing already overburdened utility 
companies. 

What seems needed is further development of equipment like Professor Irwin’s which 
uses evaporative cooling principles to cool rooms without adding humidity to the air 
enclosed. His failure to reach the ‘Comfort Zone’”’ is accidental; the traditional ASHAE 
Comfort Chart ignores radiant cooling. The Bio-Climatic Chart developed by the 
Olgyay brothers,* does not and would show Professor Irwin’s true success. 

Two experimental dry air evaporative coolers of 3-ton size are now being readied for 
testing at the University of Texas. Other experiments in the general field of indirect 
or dry-air evaporative cooling are detailed in a 1954 report from the University of Texas 
to the U. S. Naval Civil Engineering Research and Evaluation Laboratory, Port 
Hueneme, California. I believe copies are available upon application. 

Professor Irwin’s process is especially promising because it combines advantageously 
with radiant heating. It is hoped commercial development will arise from his pioneering. 


Rosert S. AsH, Phoenix, Ariz., (WRITTEN): This paper represents a valuable con- 
tribution to the use of the evaporative cooling process for comfort conditioning. The 
various methods of indirect evaporative cooling deserve much needed research. 

In the Southwest, evaporative cooling of attic spaces to reduce the summer heat gain 
on air conditioning systems using mechanical refrigeration, have been tried with con- 
siderable success. On some installations, it has been possible to cool the structure with 
three tons of refrigeration where five tons would have been required if evaporative cool- 
ing of the attic space had not been practiced. 

Professor Irwin mentions in his paper that evaporative systems are being superseded 
in many areas. I presume he is referring to the State of Oklahoma. On the contrary, 
more evaporative air coolers were installed in Oklahoma in 1954 than in any previous 
year. Actually Oklahoma is one of the largest users of evaporative coolers, exceeding 
in use states such as New Mexico and Arizona. 

Although the prevailing summer wet-bulb temperature in Oklahoma is fairly high, 
direct evaporative cooling is popular. The coolers are usually sized to change the air 
every minute or every minute and one-half. This results in an air movement of about 
100 fpm in the occupied space and is responsible for reducing the effective temperature 


_* Application of Climatic Data to House Design, Division of Housing Research, Housing and Home 
Finance Agency, Wasihngton, 
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an additional one to two degrees below that shown on a still air effective temperature 
chart. 

In my opinion the results obtained with evaporative panel cooling versus the resuits 
that can be achieved with direct evaporative cooling, taking into account the economics 
involved, do not justify the panel cooling method. However, asa means of reducing the 
heat load on a mechanical refrigeration system, it has considerable promise. 


H. E. DEGLER, Kansas City, Mo., (WRITTEN): This guarded hot box method to provide 
summer comfort in a residential unit with a panel cooling system and using a cooling 
tower as the only source of cooling effect is indeed a contribution to the literature. 

Professor Irwin says that the inside temperature at no time exceeds 8214 F with out- 
side temperatures as high as 106 F. For the conditions shown in Fig. 3, what was the 
temperature of the water to and from the cooling tower? How much was in the cooling 
system, and what was the rate of circulation? 

It would be interesting to know what improvement could be shown in the cooling 
ability of this system if a mechanical draft cooling tower were used instead of a natural 
draft type. It is my opinion that this substitution would provide 3 to 5 degrees of addi- 
tional cooling. 1 wish that Professor Irwin would comment on this substitution of type 
of cooling tower. 


P. B. Gorpon, New York, N. Y.: This is an interesting paper. It touches on four 
separate mechanisms in this overall concern of panel cooling and its relationship to the 
future of air-conditioning. 

One, it touches on the panel cooling problem, itself, where the panels receive heat from 
the interior spaces after the heat has been released within the space, such as heat that 
enters through transmission, that which comes through by infiltration, or heat released 
within the space by lighting, other equipment, or people. 

The second mechanism involves the deliberate creation of thermal storage without 
waiting for the building materials to drop. This second mechanism involves deliberately 
lowering the temperature of the building mass through low wet-bulb periods to prepare 
the mass to receive heat during higher wet-bulb periods. 

The third mechanism is of extreme interest, that of the intercept or barrier that Pro- 
fessor Irwin pointed to. 

The fourth concerns the overall one of surface temperature as related to comfort. 

So we have these four interesting mechanisms and their interplay in this one paper. 

I have a few comments that I would like to introduce. Number one, I would like to 
ask Professor Irwin if he has available a calculation for the heat gain to the space, assum- 
ing that it were to be handled by mechanical refrigeration. 

Number two, I would like to ask if Professor Irwin has any idea as to what would 
happen if, instead of treating all the wall surfaces and the ceiling surface, he were to treat 
with panels the ceiling surface only? That is, what would happen as to the resultant 
inside temperature, and what would happen as to the intercept or barrier effect? Now, 
I am thinking of the next step forward: Instead of what is substantially a large one-room 
area, if one were to have a six or an eight room house, would it be necessary to provide 
for all interior surfaces or both sides of the interior surfaces in order to take advantage 
of the lower mean surface temperature, since there are now six surfaces to worry about? 
With only a ceiling surface available, it may not be possible to reduce the mean surface 
temperatures sufficiently to reach the same objectives. 


Joun Everetts, JR., Philadelphia, Pa.: This is an excellent piece of work that Profes- 
sor Irwin has done, from one standpoint in particular. All of our work on comfort to 
date has been done without considering radiation. Its all been done on the basis of con- 
trolling the psychrometric conditions of air. We do know, from experience, that if we 
let the surfaces ride where they will, due to our heat gain thru walls and heat, pick-up 
from lights, that the limit of human tolerance is very small, only amounts to about one 
and a half or two degrees, from the optimum point of comfort. 
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When we got into panel cooling, we found, much to our surprise, that that limit of 
tolerance has extended to somewhere around four or five degrees. In other words, in 
one job we have quite an extensive panel cooling system; we can vary from 73 to 78 with 
less complaint of discomfort than in a straight air conditioning job, which we could only 
vary from 74 to 76. 

This paper brings us to the other end of our problem. In other words, Professor Irwin 
is controlling the surface and is not giving any consideration to the control of the psy- 
chrometric conditions, which brings us to a limit which we feel is definitely of impor- 
tance from the standpoint of comfort. 

When Professor Irwin says that the test data show conditions of high humidity, but 
the reaction from the occupants was not one of discomfort as expected from the comfort 
chart, I’d like to point out that the comfort chart does not consider radiation effect. 
However, the program of the laboratory which will start sometime this fall, will take 
that into account to re-evaluate the comfort chart from the standpoint of radiation effect. 

I think that will help us tie together these two differences of opinion, as to whether 
we should use all psychrometric controls on the one hand or all panel controls on the 
other hand, and to evaluate the differences that may come up between those two. 

The only other comment I have is that from this photograph I should hope that if this 
type of system does become important for conditioning homes, the cooling tower may 
be made to look better. 


G. V. PARMELEE, Cleveland, Ohio: Professor Irwin has presented a very interesting 
paper on a method of providing indoor comfort by use of a natural resource, the outdoor 
air, aided by relatively simple mechanical equipment. Because it is easy to install rather 
expensive air-conditioning equipment to provide indoor comfort, we have too often 
overlooked using our natural resources, as Professor Irwin has used them, to achieve our 
goals. I would like to see us take a greater interest in problems of this sort. I hope that 
Professor Irwin finds it possible to continue his investigations to further develop its 
potentialities. 

Perhaps this system could profitably be adapted to commercial installations to remove 
some of the heat supplied by lighting installations. Panels could be supplied with 
sufficiently cool water to carry away a considerable amount of unwanted energy. There 
would be several practical problems to be considered, one of which is that of maintaining 
the water in good condition to prevent fouling of tubes. 1 would like to inquire of Profes- 
sor Irwin if he encountered any trouble with algae, scale formation or any of the troubles 
associated with cooling-tower operation. 


AutuHor’s CLosureE: I should have had a couple of people here taking down about five 
sets of notes to keep up with all these questions. 

Obviously, we have to answer part of these questions in this way, to the effect that 
many of these are problems we realized would develop and we expect others to develop 
as further investigation proceeds. I might hazard opinions on some of these questions, 
but they are not based on any data we have collected. 

As to whether or not we might omit some surfaces, any reply concerning this is purely 
an opinion, but I feel that we will need to provide all weather-surfaces with an intercept- 
ing barrier such as the ones in this project. I feel that to be true because if one considers 
the levels of temperatures, water and air, and compares them with the probable panel 
temperatures, it is observed that there is a very small temperature differential. This 
means that as large a surface as possible must be available to absorb the heat. 

I don’t recall the exact cooling load calculation but believe it was in the order of about 
two tons of cooling for this particular project. 

I intended to indicate earlier the rate of water circulation, which was measured at 28 
gpm. The range of water temperature was from as little as two degrees to as much 
as six or seven degrees. In the early spring and late fall, the temperatures of both inside- 
air and water drop considerably. In fact, the occupant let the system operate into rather 
cool weather in the fall, and not knowing just how to shut the system off, had to start the 
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heating system up to offset the cooling effects of our panel cooling system. So that isa 
factor to be considered. 

The cooling tower was a natural draft tower, made available through the courtesy of a 
tower manufacturer. It was rather large for the requirement, because we had asked to 
be furnished with a tower that would give about a two degree spread between wet-bulb 
and leaving-water temperatures. This being pretty close, the manufacturer was gener- 
ous in the size of the tower. 

I don’t know that we got quite that small a temperature difference because the water 
circulation may not have been up to the quantity required by the tower to give that small 
a temperature difference, but it was a quite small temperature range and it’s possible that 
mechanical draft cooling towers with a closer approach to wet-bulb would reduce those 
temperatures, but not too much below results obtained, because we didn’t have the usual 
seven to ten degrees split found in commercial cooling tower applications. 

In regard to water treatment, we did not treat the water, and the water didn’t accu- 
mulate any slum and dirt, aside from the atmospheric dust blowing in, and this was 
removed by cleaning out the tower occasionally. It is possible there will be algae and 
scale formation. Very likely we were just fortunate in avoiding it. 

The tower used in the system is still being used, although we haven’t gathered any 
additional test data in the last two summers; but it’s still being used by occupants of that 
particular apartment. In fact, it is somewhat of a choice unit in the college housing, 
When the tenant gets ready to move, other people are around talking to him, trying to 
lease the apartment. 

We used a three-quarter horsepower motor on the pump and its current in-put was 
something under that maximum, about the equivalent of a half horsepower. 

However, one of the primary factors that we were concerned with in this system, from 
the commercial consideration, is the operating cost. One feature of this system is that 
a fairly large amount of cooling effect is provided at a comparatively low operating cost. 

The system may also be used as a conventional heating system, in fact this particular 
apartment unit has the heating equipment installed in conjunction with it, but that 
was simply done in order to make the apartment usable the entire year, and to prevent 
any freezing up of the piping during the winter time. We weren’t particularly trying to 
do any investigative work in panel heating, because we felt that was pretty well covered 
by other people. 

Referring to comments of Mr. Everetts, we too found that the limits of air tempera- 
ture affecting comfort were extended due, we feel, to the radiation effect. One reason 
no attempt was made to control the temperature of the system was that we could not 
determine which temperature should be subjected to control. 

The comments of Mr. Gordon express very clearly the factors that affected the degree 
of comfort obtained in our research. All four of those factors plus air motion must be 
considered in the evaluation of comfort. The question raised in regard to the number 
of surrounding surfaces needing to be cooled, as well as some of the other questions, will 
have to await further and expanded research. 

It is apparent from the comments of Mr. Ash and Professor Watt that many are meet- 
ing the challenge of need for research in this field. 
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WEATHER DATA ANALYSIS FOR COOLING 
SYSTEM DESIGN 


Illustrated by Data for New Orleans 


By G. V. PARMELEE*, CLEVELAND, OuIo, G. E. SULLIVAN**, NEW ORLEANS, LA., 
AND A. N. CErny***, CLEVELAND, OHIO 


This paper is the result of research sponsored by the AMERICAN 
SOCIETY OF HEATING AND AIR-CONDITIONING ENGINEERS, 
INC., in cooperation with Tulane University, New Orleans, La. 


HE NEED for improved summer weather data for use in cooling-load esti- 

mating has prompted several analyses of weather records since the work of 
Albright! was published in 1939. His design values were based upon separate or 
single-element frequency analyses of dry-bulb, wet-bulb and dew-point tempera- 
tures. Sunshine and wind data were also included. In 1941 Kroeker and Soballe? 
demonstrated a method of making a two-element frequency analysis using dry- 
bulb and dew-point temperatures. In 1948* new design values of dry-bulb tem- 
peratures were published in THE GurpE. These were based upon a frequency 
analysis made by the U. S. Weather Bureau covering 5 years of record for June, 
July, August, and September in over 100 U.S. cities. In 1947 a detailed analysis‘ 
of 5 years of record for Detroit was completed by the ASHAE Technical Advisory 
Committee on Weather Design Conditions. A two-element frequency analysis of 
summer dry-bulb and wet-bulb temperatures plotted on a psychrometric chart was 
included. 

Development of the concept of sol-air temperature, which combines solar radia- 
tion, dry-bulb temperature and wind velocity in a single meteorological element, 
led to analyses,®:* published in 1945, of summer weather data and sol-air tempera- 
tures for New York City and Lincoln, Nebr. Further application of the sol-air 
temperature concept was suggested and the TAC on Cooling Loadt recommended 
that data for New Orleans be studied. An analysis of these data is the subject of 
this paper. 


* Senior Research Supervisor, ASHAE Research Laboratory. Member of ASHAE. 

** Consulting Engineer, E. C. Guillat, Jr. and ee Formerly with the Mechanical Engineering 
Department, Tulane University. Member of ASH 

*** Research Mathematician, ASHAE Research  —_— 

1 Exponent numerals refer to References. 

Presented at the Oklahoma Regional Meeting of the AMERICAN SociETY OF HEATING AND AiR-CONDI- 
TIONING ENGINEERS, Oklahoma City, April 1955. 

t Personnel: C. O. Mackey, chairman; R. C. Jordan, vice chairman; K. O. Alexander, John Everetts, 
Jr., H. T. Gilkey, R. H. Heilman, H. 4 Heisterkamp, A. ys Hess, A. tT. Jorn , C. F. Kayan, J. N. Liver- 
more, P. E. McNall, Jr., I. A. Naman, H. B. Nottage, C. P. Roberts, J. P. Stewart, H. B. Vincent, T. N. 
Willcox, W. E. Zieber. 
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SourcEs OF DATA 


Dry-bulb and dew-point temperatures, wind speed and wind direction used in 
this analysis are from records of hourly observations made by the U. S. Weather 
Bureau at the New Orleans airport station. The station is located 11 miles north- 
west of the city at 29 deg 56 min north latitude and 90 deg 7 min west longitude. 
These data are for the months of June, July, and August and cover the 10-year 
period from 1932 through 1941, the same period of record used for analysis of the 
New York and Lincoln data. The solar radiation data were observations made 
by Drs. H. S. Laurens and H. S. Mayerson at the Tulane University campus, as 
hourly and daily totals of direct and diffuse radiation incident upon a horizontal 
plane. Measurements were made with an Eppley pyrheliometer, located on the 
roof of a laboratory building approximately 100 ft above sea level in an atmosphere 
relatively free of smoke and dust. 


SELECTION OF SUMMER DEsIGN CONDITIONS 


Ordinarily, it is not economical to provide sufficient cooling capacity to maintain 
indoor design conditions under the worst possible weather conditions that might 
be encountered in a given locality. Usually somewhat less severe weather con- 
ditions are selected as a design basis, so that indoor dry-bulb and humidity will 
exceed their design values on a few days during the cooling season. The frequency 


TABLE 1—Coo._inGc Loap ANALYSIS—THREE DIFFERENT BUILDINGS IN 
NEw ORLEANS® 


PERCENT 
LoaD Btu PERCENT OF | DvE To 
PER HR TotaL LoaD | WEATHER 
RESIDENC 
Tor 75800 100.0 93.3 
OFFICE BUILDING: | 
¥ = 
7560000 100.0 59.2 
THEATER: 
Transmission............. 63000 2:7 2.7 
1260000 54.0 54.0 


* From Reference 7. 
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with which this can be tolerated influences the selection of design weather condi- 
tions. 

Selection of design weather conditions is also influenced by the type and use of 
the structure to be air conditioned. The proportion of the total system load that 
can be attributed only to the weather varies from one installation to another. 
Moreover, different weather elements have varying degrees of importance in the 
weather's effect on the load. 

This point is illustrated by cooling load analyses of typical buildings in New 
Orleans made by Everetts’ (See Table 1). In the example of the residence in 
that table, the cooling load attributable to the weather constitutes about 93 per- 
cent of the total load. The dry-bulb temperature and sun (transmission and 
solar) account for 51.7 percent while the wet-bulb temperature and wind (ventila- 
tion or infiltration) account for 41.6 percent. On the other hand, of the total 
load on a theater cooling system, the weather accounts for about 62 percent, of 
which 54 percent (ventilation) is attributable to the wet-bulb temperature. 

Finally, the selection of design conditions depends upon the thermal capacity 
of the building. Large internal thermal capacity introduces time lags and damping 
effects in the conversion into cooling system load of instantaneous rates of heat 
gain due to sun and DB temperature. 

It, therefore, appears that design weather conditions are best selected by the 
design engineer after he has made a critical study of each case. With this in mind 
a multi-element frequency analysis was made from which an engineer can select 
an appropriate design day for his case. 


FREQUENCY ANALYSIS 


Method of Analysis: Weather for a one-day period was defined by the maximum 
dry-bulb and the mean dew-point temperatures for the day and the total solar 
radiation incident upon a horizontal plane during the same day. Dew-point 
temperatures were used because wet-bulb temperatures were lacking. The lat- 
ter would have been preferable. 

Details of the analysis are as follows. For each day when the maximum dry- 
bulb temperature was 90 F or greater, the maximum dry-bulb temperature, the 
mean dew-point temperature and the total solar radiation incident upon a hori- 
zontal plane were tabulated. Arbitrary ranges for each of the three values were 
then chosen and the tabulated data were classified. A 3-deg range in dry-bulb 
and mean dew-point temperatures and a 400 Btu per (sq ft) (day) range in solar 
radiation were used. Obviously, other ranges could be used. (Ina recent analysis 
of summer dry-bulb temperatures Court® used a 5-deg range.) 

Results of Analysis: Analysis of the New Orleans data by this method led to 
the three-element frequency distribution given in Table 2. Various statistics of 
interest can be determined from this table. For example, there were 32 days in 
all, or 3 per season, when the maximum dry-bulb temperature exceeded 95 F, 
regardless of mean dew-point and total solar radiation. These days occurred 
more frequently with middle values of solar radiation than with extremely high 
or extremely low values, and most of them occurred with mean dew-points in the 
73-75 F range. Other analyses can be made from Table 2 by the engineer and 
proper weight can be given to air enthalpy (a function of wet-bulb temperature), 
solar radiation and dry-bulb temperature to suit each design. 

Note that there are 421 days, or 45.6 percent of the period, represented in Table 
2 with maximum dry-bulb temperatures of 90 F or greater. There are an addi- 
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TABLE 2—THREE-ELEMENT FREQUENCY ANALYSIS OF SUMMER WEATHER Data 
FOR NEW ORLEANS 
(For months of June, July and August, 1932 through 1941) 
| NuMBER OF OCCURRENCES, Days | 
Tor. SoLaR Max Dry-Bu.s, F DEG 
RADIATION ON MEAN TOTAL PERCENT 
HorizontaL PLANE| DEw-PoINTt Days OF 
(sq FT) (Day) F DEG 90-92 93-95 PERIOD 
61-63 1 1 0.11 
64-66 1 1 0.11 
More than 67-69 1 2 3 0.33 
2800 70-72 3 3 0.33 
73-75 1 2 3 0.33 
76-78 
ci Total days 4 3 4 11 
Percent of period 0. 44 0.33 0. 44 1.21 
61-63 
64-66 2 2 0.22 
2400-2800 67-69 3 1 5 0.54 
70-72 3 1 1 5 0.54 
73-75 7 16 2 25 2.72 
76-78 3 2 5 0.54 
Total days 18 20 + 42 
Percent of period 1.95 2.17 0.44 4.56 
61-63 1 1 0. 11 
64-66 3 3 6 0. 65 
2000-2400 67-69 10 6 17 1.85 
70-72 11 6 1 18 1.95 
73-75 19 25 7 51 5.55 
76-78 3 4 0.44 
Total days 45 43 9 97 
Percent of period 4.90 4. 67 0.98 10.55 
61-63 1 1 0.11 
1600-2000 67-69 5 1 6 0. 65 
70-72 10 6 16 1.74 
73-75 42 24 6 72 7.83 
76-78 8 13 1 22 2.39 
Total days 65 45 7 117 
Percent of period 7.06 4.90 0.76 12.72 
61-63 
1200-1600 67-69 4 4 0.44 
70-72 8 6 1 15 1.63 
73-75 at 13 3 60 6.52 
76-78 13 11 3 27 2.93 
Total days 69 30 7 106 
Percent of period 7.50 3.26 0. 76 11.52 
61-63 
64-66 
Less than 67-69 
1200 70-72 5 5 0.54 
73-75 28 2 1 31 3.37 
76-78 6 6 12 1.31 
Total days 39 8 1 48 
Percent of period 4.24 0. 87 0.11 5,22 
| 61-63 2 1 3 0.33 
Totals for all 64-66 6 3 9 0.98 
values of Total 67-69 23 . 4 35 3.80 
Solar 70-72 37 22 3 62 6.74 
Radiation 73-75 141 80 21 242 26. 38 
76-78 31 35 | 4 70 7.61 
Total days 240 149 32 | 421 
Total Percent 26.09 16. 20 3.49 | 45.78 
* Figures in this column are for temperatures above 95. 
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tional 5.3 percent of days not included because of lack of solar data but for which 
the maximum dry-bulb temperature was 90 F or greater. In this period the max- 
imum observed dry-bulb temperature was 101 F, the maximum dew-point was 
85 F and the maximum wet-bulb was 86 F. 

A fourth weather element, wind velocity, should be included as a design condi- 
tion. Study of the records showed that the 421 days included in Table 2 were 
about equally divided between days when the average wind velocity was between 
4and 6 mph and days when the average was between 6 and 8 mph. These differ- 
ences are small, so that it was concluded that, for New Orleans, a fourth element 
need not be included in the frequency analysis. This might not be true for other 
localities. 

From a load estimating viewpoint, wind velocity operates in 2 ways. An in- 
crease in wind velocity increases infiltration and so increases loads. Opposed is 
the fact that an increase in velocity increases the heat carried away from a surface 
which has absorbed solar radiation. 


EXAMPLE OF SELECTING DESIGN CONDITIONS 


A three-element frequency analysis of the type given by Table 2 provides the 
design engineer with sufficient information to make his own selection of design 
conditions for a particular building. Use of Table 2 will be demonstrated here by 
two illustrative examples, Case I, a Residence, and Case II, a Theater. 

Case I—Residence: The cooling-load estimate for a residence would seem to 
require the selection of a combination with fairly high values of all weather ele- 
ments, with emphasis on dry-bulb temperature and solar radiation. Consider the 
combination of 93-95 F dry-bulb and 73-75 F mean dew-point temperatures co- 
incident with total solar radiation in the range of 2000 to 2400 Btu per (sq ft) 
(day). 

Examination of Table 2 shows that there were 32 days with maximum dry-bulb 
temperatures above the 93-95 F range, 53 with solar radiation above the 2000— 
2400 Btu per (sq ft) (day) range and 70 days with mean dew-points above the 
73-75 F range. However, the combination was exceeded in severity only 32 times 
or 3 days per season. For example, on 7 of the 32 days the mean dew-point was 
in the 73-75 F range and solar radiation in the 2000-2400 range, but maximum 
dry-bulbs were greater than the 93-95 F range. In all, the combination was 
equalled or exceeded in severity 57 times or an average of 6days perseason. Hence, 
a selection of design conditions which combines 93-95 F dry-bulb temperature, 73- 
75 F mean dew-point temperature and 2000-2400 Btu per sq ft total daily solar 
radiation, might be judged suitable for this case. These same conditions should 
also be suitable for load calculations for rooms on the sunny sides of an office 
building. 

Case II—Theater: Table 1 shows that the weather factor of the cooling-load 
estimate for a theater is mainly the wet-bulb temperature (excluding internal 
load). Sun effects are of minor importance. Hence, the main factors to be con- 
sidered are dry-bulb and dew-point temperatures. Table 2 shows that dew-points 
in the range 76-78 F occurred 70 times in the 10-year period or 7 days per season 
on the average when the maximum dry-bulb was 90 F or greater. Days with 
dew-points in the 76-78 F range coincident with a maximum dry-bulb temperature 
in excess of 95 F occurred only 4 days in the 10-year period, but there were 35 
days when the dry-bulb temperature was in the 93-95 F range, and 31 when max- 
imum dry-bulbs were in the 90-92 F range. Conservatism would probably dictate 
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selection of the 93-95 F range to be used with the 76-78 F dew-point range. High 
solar intensities rarely occurred with high dew-point and a selection of a range as 
low as 1200-1600 might be judged adequate for use in load calculations. 


DrurNAL CYCLES 


It should be evident that to be of maximum use, design conditions should go 
beyond a statement of how often a certain value, or a combination of single values 
of several elements, is likely to occur. This is all that Table 2 shows. Design 
conditions should also include diurnal cycles that are associated with the selected 
design values. Hence, an attempt to develop these cycles for the two illustrative 
examples was made. 

Case I—Temperatures: This case has dry-bulb temperatures in the 93-95 F 
range, mean dew-point in the 73-75 F range, and total solar radiation in the 2000- 
2400 Btu per (sq ft) (day) range. Cycles were prepared by averaging hourly 
values of the days in this category. The results are shown as curves in Fig. 1 
and as values rounded off to the nearest whole number in Table 3. 

The dry-bulb curve is similar to the curves of individual days. As might be 
expected, the averaging process yields a lower daily range for the average curve, 
15 deg, as compared to 16.5, the average of the individual daily ranges. The 
maximum in the set of days selected was 19, the lowest 14 deg. 

The daily range of the dew-point curve, 4 Fahrenheit degrees, is 2 degrees lower 
than the average daily range. The maximum range was 10, the minimum 4. 
The maximum dew-point in this combination was 78 F, the minimum was 68 F. 

The wet-bulb temperature curve of Fig. 1 was determined by averaging hourly 
values of computed wet-bulb temperatures. The maximum hourly value for the 
days averaged was 80.5 F, the lowest was 71.3 F. The curves made up of straight- 
line segments give the temperatures for the day with highest wet-bulb temperatures 
of the 14 days averaged. 


‘ 


WEATHER DaTA ANALYSIS FOR COOLING SYSTEM DESIGN, BY PARMELEF, ET AL 313 


TABLE 3—SUMMER Dry-BuLB, DEw-POoINT AND WET-BULB TEMPERATURES AT 
NEw ORLEANS, FAHRENHEIT DEGREES 
(For the Period 1932 through 1941) 


| AVERAGE CONDITIONS 


SUN 
TIME | OBSERVED 

CasE I | Case II | 

Dry | Dew | WET Dry DEw | WET | Dry 

| Burp. Point | BULB BULB Point | ButB | 
1 a.m. 79 73 76 79 75 76 | 87 
2 78 74 «| «+76 79 75 77 85 
3 78 75 79 76 «| 85 
4 78 73. «75 80 76 77 85 
5 | 78 74 76 80 735 | 7 | 84 
6 79 74 76 81 75 7 «85 

| | 
7 80 7s | 76 82 76 77 
8 | 83 | 76 77 84 | 
9 | 8 | 76 | 78 86 78 80 94 
10 85 76 87 79 80 94 
11 | 87 | 76 78 89 79 96 
12 88 76 79 90 79 81 97 
1 p.m. 79 92 77 so. 
2 91 75 79 93 76 80 98 
3 92 75 =| 79 92 76 80 98 
4 93 75 =| «78 o1 76 80 99 
5 92 74 78 88 76 79 101 
6 90 74 78 85 76 «77 99 
7 86 74 77 83 75 | 77 96 
8 83 73. «77 81 73 | 77 92 
9 81 73 | 76 80 75 | 76 88 
10 80 72 76 79 75 | 76 89 
11 72 76 79 75 | «76 89 
12 79 72 | 7 79 75 76 88 
Avg. | 83.8 | 74.2 | 77.0 | 84.1 76.2 | 78.1 
Daily Range | 15 | 4 4 14 4 5 


Case I—Wind Speed and Direction: Hourly wind speed and direction for Case 
I are shown in Fig. 1. The 24-hr average speed of 5.5 mph is only a little less than 
10-year averages of 6.2, 5.8 and 5.6 mph for June, July, and August, respectively. 
The maximum daily average for the Case I combination was 6.0 mph and the 
minimum was 3.5 mph. It is of interest to note the coiucidence of change in wind 
speed with change in wind direction. Data such as these would be particularly 
significant in the application of natural ventilation, though local differences may 
be more important than these characteristics of a single location. 

Case I—Solar Radiation: The solar radiation records were in the form of totals 
of solar radiation received on a horizontal plane in one hour’s time. Each total 
was listed under the hour for the end of the period. Hence, each value represented 
approximately the intensity of radiation for the mid-point of the one-hour period. 
Totals for each hour of the Case I days were averaged and plotted. A smooth 
curve resulted, from which intensity values in Btu per (hour) (square foot) were 
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taken. These values are plotted in Fig. 2 and listed in Table 4. Also listed in 
Table 4 are maximum hourly intensities in June, July and August. 

Computed values of the direct and diffuse components for a horizontal surface 
are shown in Fig. 2. Values of vertical-surface total incident solar radiation have 
been computed with these data as a starting point and are given in Table 5. Fig. 
2 also gives the clear atmosphere values for a horizontal surface computed from 
Table 4, Chapter 13 of Tue Guipe 1954. Note that the radiation received per 
day on a square-foot horizontal surface is 2558 Btu for a clear atmosphere, or 19 
percent more than for Case I conditions. 


TABLE 4—SUMMER INTENSITY OF TOTAL SOLAR RADIATION INCIDENT UPON A 
HORIZONTAL SURFACE AT NEW ORLEANS 
(For the Period 1932 through 1941) 


Sun TIME AVERAGE CONDITIONS MAXIMUM OBSERVED 
Case I | II JUNE | JuLy | AvuGuST 
Intensity in Btu per (hr) (sq ft) 

6 a.m. 18 | 18 | 76 101 | 52 
67 54 | 154 | 165 | 110 
8 127 92 | 239 220 | 192 
9 184 135 | 282 | 283 | 258 
10 231 166 | 344 | 341 305 
11 255 184 | 375 376 338 
12 264 202. 385 | 382 355 

1 p.m 269 | = 196 | 393 | 369 348 
2 255 164 384 366 320 
3 207 123, | 340 | 325 296 
4 151 80 | 286 241 218 
5 91 47 229 | 191 144 
6 35 15 | 134 | 122 96 

Approx. Total, Btu per (sq | 
ft) (day) | 2154 1476 3621 | 3482 | 3032 


In order to compute the intensity of radiation on vertical surfaces, it was neces- 
sary to know the direct beam component of the total solar radiation which falls on 
the horizontal surface. Research® at the ASHAE Research Laboratory has de- 
veloped a method by which these components can be determined for cloudless 
skies. Comparison of the Case I total of 2154 Btu per (sq ft) (day) was made 
with an analysis of cloudless day totals by Fritz.° He showed that June, July 
and August totals for New Orleans on such days were 2510, 2440 and 2240 Btu, 
(sq ft) (day). Therefore, it was concluded that the total of 2154 represents, on 
the average, a day of little cloudiness. Consequently, the ASHAE cloudless day 
data on diffuse radiation were used in determining solar radiation components for 
New Orleans. Sun positions corresponding to August 1, 30 deg north latitude and 
90 deg west longitude were used in these computations. 

Case II—Diurnal Cycles: Fig. 3 illustrates average dry-bulb, dew-point, and 
wet-bulb temperatures for Case II, which represents days with maximum dry-bulb 
temperatures in the 93-95 F range, mean dew-points in the 76-78 F range and 
total solar radiation in the 1200-1600 Btu per (sq ft) (day) range. Values rounded 
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TABLE 5—TOoTAL SOLAR RADIATION INTENSITIES (DIFFUSE PLus D1RECT) ON 
HORIZONTAL AND VERTICAL SURFACES FOR CASE I COMBINATION OF 
WEATHER CONDITIONS COMPARED 
(For August 1, 30 deg north latitude) 


SURFACE ORIENTATION 
Sun Hor. N E Ww 
Btu PER (HR) (SQ FT) 
6 a.m. 18 21 58 7 5 
67 23 123 15 11 
8 127 29 169 25 17 
9 184 29 165 43 22 
10 231 31 134 62 28 
11 255 33 85 74 32 
12 264 35 37 80 37 
1 p.m 269 32 31 77 90 
2 255 28 27 64 149 
a 207 25 22 43 191 
4 151 28 17 21 211 
5 91 41 10 12 197 
6 35 36 5 5 122 


off to the nearest whole number are listed in Table 3. The dry-bulb curve of this 
figure would be similar to that of Fig. 1 if it were shifted two hours to the right. 
The dew-point and wet-bulb curves of Fig. 3 could be roughly approximated by 
adding 2 degrees to the corresponding curves of Fig. 1. Whether or not the differ- 
ences in corresponding curves are significant can be learned only by examining 
more data. Wet-bulb and dry-bulb temperatures for that day in this combination, 
which had the highest wet-bulb values, are shown for comparison. The main 
differences in wet-bulb temperatures occur between 11:00 a.m. and 6:00 p.m. 

Values of total solar radiation for Case II are shown in Fig. 2 and listed in Table 
4. Total radiation received of 1476 Btu per (sq ft) (day) is about 69 percent of 
the Case I total. The 24-hour average wind speed was found to be 5.9 mph, not 
significantly greater than for Case I. The maximum daily average was 7.3 mph, 
the minimum was 4.5 mph. 
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TEMPERATURES 


Heat transfer into the weather side of a building surface is a result of a complex 
energy exchange between the building surface and the outdoorenvironment. Heat- 
transfer calculations are further complicated by periodic variations of the various 
weather elements, but they can be greatly simplified by application of the concept 
of the sol-air temperature." This temperature can be used to compute the heat 
flow into a building surface and is defined by Equation 1 (see Reference 12): 


al e(R — oT,*) 


where 
eo(T,4 — T-*) 
hy = te? 
ls — lo 
and where 
a = absorptivity of the building surface for solar radiation, dimensionless. 
¢ = emissivity of the building surface for low-temperature radiation, di- 
mensionless. 
o = Stefan-Boltzmann constant = 0.173 X 10-8 Btu per (hr) (sq ft) (F deg 
abs*). 
he = convective conductance at outdoor surface, Btu per (hour) (square foot) 
(Fahrenheit degree). 
I = incident solar radiation, Btu per (hour) (square foot). 
R = incident low-temperature radiation from the outdoor surroundings, Btu 
per (hour) (square foot). 
te = sol-air temperature, Fahrenheit degrees. 
to, To = dry-bulb temperature of outdoor air, Fahrenheit degrees and Fahren- 


heit degrees absolute, respectively. : 
t,, Ts = temperature of building surface, Fahrenheit degrees and Fahrenheit 
degrees absolute, respectively. 


Equation 1 shows that the sol-air temperature consists of three components as 
follows: 


1. An equivalent temperature for the short-wave solar radiation absorbed by the 
surface. 

2. An equivalent temperature for the long-wave low-temperature radiation exchange 
with the outdoor surroundings. 

3. The dry-bulb temperature of the air. 


Sol-Air Temperatures for Case I: Components of sol-air temperatures for Case 
I weather conditions are listed in Table 6 and are based upon average values of 
1.10 Btu per (hr) (sq ft) (F deg) for h, and 2.50 for he. The low temperature 
radiation component was evaluated by adaptations of Equations 4 and 6 of Refer- 
ence 12. 

For any hour the sol-air temperature is the algebraic sum of three components, 
except that the solar radiation component must be multiplied by the value of a 
appropriate to the surface color and condition. 

For example, at 2:00 p.m., the sol-air temperature for a flat roof with a = 0.9 
is 0.9 X 71 — 6+ 91 = 148.9 F; at 2:00 a.m., 4, = — 5+ 78 = 73 F. 


SUGGESTIONS FOR FURTHER STUDY 


The diurnal cycles developed for two different combinations of weather elements 
raise questions as to their similarity, or lack of it, to curves for other combinations; 
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TABLE 6—COMPONENTS OF SOL-AIR TEMPERATURES FOR HORIZONTAL AND 
VERTICAL SURFACES FOR CASE I COMBINATION OF WEATHER CONDITIONS, 
FAHRENHEIT DEGREES 


| HORIZONTAL SURFACE VERTICAL SURFACES 
SUN | SOLAR Low TEMP SOLAR RADIATION COMPONENT* |Low TEMP 
TIME Compo- Raptia- RaDIA- RAaDIA- 
NENT TION TION TION 
Compo- | Compo- Compo- 
| NENT® | NENT NortH East SouTH WEST NENT 
lam. | 79 | | —5 —2 
2 78 -—5 —2 
3 78 | | —2 
5 78 -5 | —2 
6 79 «| #5 -5 | 6 16 2 1 -1 
7 so | 19 -6 | 6 34 4 3 0 
8 | 93 | 35 -—6 | 8 47 7 5 | oO 
9 84 | 46 12 6 | 0 
10 | 85 | 64 —6 9 37 17 8 0 
11 | $7 | 71 —6 9 | 24 | | 
12 88 73 —6 10 | 10 22 10 | 0 
| | 
1 p.m 89 75 —6 9 | 9 21 2 ; 
2 91 71 —6 8 8 | 18 | 41 0 
92 58 | 6 12 53 0 
4 93 | 42 -—6 | 8 5 6 | 59 | 0 
92 25 —6 | il 3 55 0 
6 | 90 10 -6 | 10 1 1 
| | | | 
7 86 | | —1 
8 83 -—6 | | —2 
9 | 81 -6 | | —2 
10 80 -6 | —2 
11 | 80 | | 
12 79 | | | | | | 
24-hravg.| 83.8 | 24.9 | —5.7 | 4.4 | 10.2 | 6.1 | 12.9 —1.0 


* This component is evaluated for a = 1.0 and must be multiplied by the value of a appropriate to the 
surface color and condition. 


first, for New Orleans, and second, for other cities or regions. Further study might 
lead to simple methods of expressing diurnal cycles from daily indices of the various 
weather elements. 

Desirable improvements would be the use of observed wet-bulb temperatures 
instead of mean dew-point temperatures and the use of a simple daily index of 
this element. 

Finally, attention needs to be given to the possibility of design conditions chosen 
from a frequency analysis such as Table 2 being exceeded in severity for a large 
number of daysin one season. Such an example occurred in June 1936, when there 
were 25 days on which the maximum dry-bulb temperature was 90 F or greater 
and the total solar radiation was in excess of 2400 Btu per (sq ft) (day). On 11 
of these days, the total was in excess of 2800, accounting for all of the values in 
the highest bracket of solar radiation in Table 2. 
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DISCUSSION 


J. P. Stewart, Syracuse, N. Y., (WRITTEN): This paper is an excellent presentation 
of data and a method to select design conditions for the major weather elements affecting 
cooling load estimates. 

For New Orleans the solar radiation for Case I, for a residence or office building, was 
explained to be 19 percent less than the design data for clear skies published in 
the ASHAE Guipe, compared on the basis of daily total solar radiation. Is the major 
pcrtion of this difference due to the presence of clouds? Some care must be exercised in 
applying reduction factors for clouds. Table 5 shows that there were considerably more 
clouds or haze in the morning than in the afternoon. For Case I design conditions, the 
solar radiation through an East window at 8:00 a.m. would be 28 percent less than the 
ASHAE Gute design value whereas the solar radiation through a West window at 4:00 
p.m. would be only 11 percent less than the GuIDE value. Is this condition characteris- 
tic only of New Orleans, or do the authors think that there are generally more clouds in 
the morning for all areas in general ’ 

In Table 1, the office building appears to have very little glass area because the per- 
centage solar load is about the same as the theatre. Usually office buildings have fairly 
large window openings and consequently large solar loads. 

Full advantage should be taken of the reduced solar radiation due to clouds in deter- 
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mining the total refrigeration load on a building consisting of several different exposures, 
but the writer wonders whether it is safe to take full advantage of the clouds when select- 
ing equipment for handling the individual zones such as the sensible heat load only on 
the exterior zone of office buildings where there is a very large solar load. 

It is hoped that other similar analysis can be made in the Mid-west plains area, such 
as Dallas, Texas, and in the Great Lakes region or on the Eastern seacoast. 


Joun Everetts, Jr., Philadelphia, Pa.,:; As Chairman of the TAC on Weather Data, 
I would like to say that there seems to be quite a bit of confusion between what that 
committee is supposed to accomplish and what the other TAC’s are supposed to get 
from this weather data, from the standpoint of this paper. 

In other words, now I’ll have to wear two hats, one as a design engineer and the other 
as the Chairman of the TAC on Weather Data. 

As a design engineer, the only comment I have is the one which George also brought 
out, and that is that I would rather wet-bulb be used instead of dew-point because we 
have far more data on wet-bulb, or will have, than on dew-point. 

The question as to this particular paper is that its a tool by which the design engineer 
can make a selection of weather data fora particular job. There is no quarrel about that. 
Asa matter of fact, the Weather Data Committee has been instructed by the other TACs 
that what is wanted in the way of weather data is a breakdown of how long, in terms of 
percentage, various temperatures exist in various cities. A year ago a questionnaire was 
sent out which some took a lot of time to fill out. This was certainly appreciated. 
There were 245 returns out of 600 questionnaires—a terrifically remarkable return. 

On the basis of those returns, next January at the Annual Meeting, it is expected that 
the complete analysis of winter dry-bulb data will be presented, broken down from 1 per- 
cent probability of the time up to 50 percent probability. The Heating Load Committee 
can then tell designers how to use those data. Its not up to the Weather Data Com- 
mittee to determine what design temperature to use or how to use it. That is up to the 
Heating Load Committee on heating and to the Cooling Load Committee on cooling. 
This paper is an expression thru the Cooling Load Committee as to how weather data 
can be applied. We are striving as rapidly as we can to get weather data, (not design 
data, but weather data) to you, so that these other committees can determine how to 
apply the data in design. I might say also that we are trying to overcome the objection 
of this 5-year period, the 10-year period, the 3-year period, the 1-year period, that some 
people have been talking about. We are planning to present the data on the basis of 
whatever number of years the records are available in a given weather station. If the 
Oklahoma City weather station has been in operation for 27 years there will be 27 years 
of data. To get 37 years of data it will be necessary to wait another ten years and then 
the Committee will propose it but now all that can be done is to present what is avail- 
able. Data for some cities go up to almost 90 years, and will be available; so there will 
be no question of 5-, 10-, or 15-year period of cycles, and whether it’s hotter or colder 
this sun’mer than last, or what have you. It’s going to be analyzed data from some 
eight miilion tabulator cards the Weather Bureau has on file, and which they are grind- 
ing out as rapidly as they can for us. 

The only objection I have to this particular paper is the use of dew-point data instead 
of wet-bulb data, which I think should be corrected. Otherwise, I think this is a very 
important tool to use for design where one wants to select or be selective in his design 
for temperatures and solar radiation. 


AutHors’ CLosurE (Mr. Parmelee): I would like to emphasize that this paper’s chief 
feature is a method of analyzing weather data and putting it in such form that a design 
engineer can make his own selection of design weather conditions. To illustrate the use 
of the data assembled, illustrative selections of design conditions have been made for 
two different types of buildings. One should not, however, draw the conclusion that 
these selections are to be taken as design conditions for New Orleans. 

Mr. Stewart asks if clouds are responsible for the fact that the solar radiation intensi- 
ties of the Case I (residence) selection are lower than the design data for clear skies as 
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given in the ASHAE Guipe. Comparison of the total radiation received per day with 
data of Fritz for cloudless days in New Orleans shows that there could not have been 
much cloudiness, so that on the whole, haziness is probably responsible. Records of 
some of the days averaged in Case I showed, however, that clouds must have obscured 
the sun at times. Mr. Stewart points out that the Case I selection shows that the morn- 
ing values of solar intensity are lower than the afternoon values, because of greater 
cloudiness or haziness in these hours, and asks if this is true for all areas in general. It is 
probably not true for all areas, though it was true for New Orleans for this level of solar 
intensity and the associated dry-bulb and dew-point temperatures. Because dry-bulb 
and dew-point temperatures reflect atmospheric conditions, the level of these values may 
be tied in with the shape of the solar radiation curves. More data would have to be 
analyzed. Note that Table 5 shows that for the Case II selection of design weather 
conditions, the morning solar intensities are higher than the afternoon values, just oppo- 
site to the Case I values. In this case there was considerable cloudiness. Hence, it is 
quite unsafe to generalize. 

Mr. Stewart points out that full advantage should be taken of the reduction in solar 
intensities by clouds when one is calculating the load for an entire building, if it has 
several different exposures. He doubts that this should be done in figuring equipment 
for individual zones which have large solar loads. We believe that this is for the in- 
dividual engineer to decide, and believe that data in the form of Table 2 provides some, 
at least, of the necessary information on which to base a judgment. In general, it seems 
advisable to design equipment for individual zones to handle clear-day solar loads but 
to base the total load on somewhat lower solar values. The type of system and zoning 
to be used must be considered, however. Perhaps some general rules could be developed 
if weather data were available in sufficient detail that a number of different cases could be 
analyzed. 

Mr. Everetts’ comments on this paper and on weather-data analysis in general are 
much appreciated. We agree that wet-bulb temperature should be used instead of dew- 
point in weather analysis for heating and cooling, especially since it is the basic observa- 
tion. Moreover, it is not subject to “rounding-off” errors as is dew point. It should 
be noted that the local monthly climatological data supplements now issued by the U.S. 
Weather Bureau give wet-bulb temperatures observed on each day at 1 a.m., 7 a.m., 1 
p-m., and 7 p.m. Presumably values for the other hours are readily available for 
analysis. 

The question of period of record was discussed by Mr. Everetts. For purposes of 
illustrating a method of analyzing and presenting weather data for design engineers, the 
10-year period used in this paper was sufficient. This period was selected by the TAC 
on Cooling Load to coincide with the two analyses made by Professor Mackey some 
years ago. In developing design data, a longer period would be highly desirable and 
would be essential if attention were to be given to determining the number and length of 
periods of severe weather 

In conclusion, we wish to emphasize Mr. Everetts’ observation that the paper presents 
a tool for the design engineer to use. Like any new tool, it should be tested; and, if 
found wanting, it should be improved or replaced by a better tool. 
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AN ANALYSIS METHOD FOR 
PREDICTING BEHAVIOR OF SOLID ADSORBENTS 
IN SOLID SORPTION DEHUMIDIFIERS t+ 


By W. L. Ross* anp E. R. McLauGuiin**, UNIVERSITY Park, Pa. 


This paper is the result of research sponsored by the AMERICAN SOCIETY 
OF HEATING AND AIR-CONDITIONING ENGINEERS, INC.. in coopera- 
tion with The Pennsylvania State University, University Park, Pa. 


HE OBJECTIVE of this paper is to present a method for predicting behavior 

characteristics of dynamic adsorption systems. Specifically, it aims at enabling 
the dehumidification machine designer, manufacturer or user to estimate the effect 
oi changes in operating conditions on adsorption and desorption characteristics. 
The method is empirical in that test data from the system in question must be 
used in the formulation of the prediction equations, and the method is approxi- 
mate in that certain mathematical assumptions are made to preclude the necessity 
of conducting an extremely large number of tests to obtain a complete picture of 
the variation of the adsorption characteristics (such as breakpoint useful con- 
centration) with the primary variables (such as temperature and relative humidity 
of the flowing air). 

It is realized that these assumptions impose limitations on the prediction tech- 
nique. It is felt, however, that the savings in labor and time, as well as the in- 
crease in utilitarian value which results from these assumptions, serve to justify 
them, especially in this particular field where no behavior prediction method has 
yet been evolved, and where, because of the very large number of variables in- 
volved and the difficulty in getting experimental reproducibility, an approximate 
solution is all that presently can be hoped for. 

Before proceeding with the analysis method, the so-called adsorption and de- 
sorption characteristics will be described and defined as they relate to dynamic 
dehumidification. 


CHARACTERISTICS AND DEFINITIONS 


The only requisites for a dynamic dehumidifier are a desiccant bed, a fan to 
force the humid air through this bed and a heater to periodically reactivate the 
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adsorbent. As the air passes into the activated desiccant, it surrenders a certain 
amount of its water vapor. The rate of moisture pickup and the humidity con- 
dition of the leaving air are functions of a great many variables, some of which 
will be discussed later. The ratio of the amount of water adsorbed by the desic- 
cant in a given time to the amount of water vapor in the air entering the desiccant 
bed during that time is known as adsorption efficiency. A characteristic of ad- 
sorbents in dynamic use is that this adsorption efficiency remains constant and at 
a relatively high level from the beginning of an adsorption cycle until some later 
point in the cycle at which time the efficiency begins todrop. This point is known 
as the breakpoint, and the time from the beginning of adsorption to this point 
is known as the breakpoint time. In the ideal case the breakpoint would coincide 
timewise with the sudden upswing of the effluent dew-point temperature. Al- 
though additional drying can be effected beyond the breakpoint, good commercial 
practice dictates that the gel be regenerated in the near vicinity of this point. 
Adsorption carried beyond the breakpoint continues at an increasingly slower rate 
until the adsorbent is completely saturated. This point is known as completion. 

Adsorbents, such as silica gel and activated alumina, contain, even when re- 
activated, a small amount of water. This is usually about 5 to 7 percent of the 
dry weight of the desiccant and is known as residual moisture. Attempts to re- 
move it result in a physical change in the substance and a reduced adsorptive 
capacity. The term useful concentration is used to designate the percent of mois- 
ture in the adsorbent over and above the residual quantity. This percentage is 
generally based on the dry weight of the desiccant. 


When regeneration of the adsorbent is desired, the heater is energized and the 
direction of air flow through the bed is usually reversed. The effluent dry-bulb 
temperature rises rapidly at first, and then virtually levels off for a period of time. 
This period of level or slowly increasing temperature represents the period during 
which the major portion of the heat input is being used to boil off the adsorbed 
water. This temperature pattern continues until most of the water contained in 
or on the desiccant is released. Then, when the latent heat requirements begin 
to diminish, the heat input goes into sensible heat gain to the passing air stream. 
This is reflected in a rather sharp increase in the effluent dry-bulb temperature. 
This point, measured from the beginning of desorption, has been designated tem- 
perature-rise time. Although additional regeneration (at a slower rate) can be 
attained by continuing the heat addition process beyond the temperature-rise 
time, once arain good commercial practice calls for reactivation to be ended in the 
near vicinity of this point. Regeneration past this point until the adsorbent is 
in moisture equilibrium with the air stream is known as complete desorption or 
desorption to completion. The energy expended in the heater per unit weight of 
water desorbed for any given time is called economy of desorption and usually has 
the dimensions of kwhr/lb of water desorbed. 


OBJECTIVES OF ANALYsIS METHOD 


These two processes, dynamic adsorption and dynamic desorption, which have 
just been briefly outlined, are extremely difficult to analyze or predict, because they 
are transient and because they are functions of a great number of variables. Nota- 
ble analytical work has been done both theoretically and empirically on adsorp- 
tion and related phenomena, and almost all of this has appeared in chemical litera- 
ture. 
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Although most engineering operations involving desiccants are of the dynamic 
and near-adiabatic variety, there is no accepted analysis method, to the knowl- 
edge of the authors, for predicting the behavior characteristics of desiccants under 
these conditions. In approaching the problem of evolving such a method for 
consideration, it was necessary to define the objectives desired and to evaluate 
properly the following observations: 


1. All purely theoretical analyses to date have been handicapped by a multitude of 
simplifying assumptions, by assumptions as to the mechanism of adsorption, by not 
accounting for the possibility of more than one such mechanism, by insurmountable, 
or at best, extremely tedious, mathematical obstacles. 

2. For engineering application a theoretical analysis is not requisite, nor, in sore 
cases, even desirable. 

3. The empirical approaches have necessarily been restrictive in range of operating 
conditions, as well as in applicability to specific adsorbents and adsorbates. 

4. In no known case does either a theoretical or an empirical method of analysis 
enable the engineer to predict many of the design factors he most wants, such as ad- 
sorption efficiency, breakpoint time and cost of operation. 

5. Numerous past experiments carried out in chemical laboratories by competent 
investigators using precision equipment have, unfortunately, made evident the fact 
that the variables involved are so numerous and the adsorbents themselves so incon- 
sistent that close experimental reproducibility is seldom achievable. Because of the 
type and size of the equipment and the operating conditions, engineering tests are 
likely to be even less accurate. Also, laboratory-type experimental results are not 
necessarily valid for engineering application. 


In the light of the aforementioned considerations a new analysis method should 
be, first, utilitarian both in relative ease of use and in telling the engineer what 
he wants to know (even if at a sacrifice of mathematical or physical rigor), and 
secondly, it should be based on engineering-type experimenta! results and ap- 
plicable in principle to any adsorbent-adsorbate combination for which suitable 
data are available. 


PREMISES OF PROPOSED METHOD 


The proposed prediction method is based on the following premises: 


1. That the adsorption characteristics desired are (a) completion useful concen- 
tration, (b) breakpoint useful concentration, (c) complete adsorption time, (d) break- 
point time and (e) adsorption efficiency to breakpoint. 

2. That these five adsorption characteristics are, for a given system, primarily a 
function of the dry-bulb temperature and relative humidity of the air entering the 
bed, the rate of air flow and the bed-depth to bed-diameter ratio. 

3. That the desorption characteristics desired are (a) completion useful concentra- 
tion desorbed, (b) complete desorption time, (c) temperature-rise time and (d) economy 
of desorption to temperature-rise. 

4. That these four desorption characteristics are, for a given system, primarily a 
function of the dry-bulb temperature and relative humidity of the air entering the 
bed, the rate of air flow per unit of heater output, the bed-depth to bed-diameter ratio, 
and the heater wattage. 


Then, in general notation, 


X =f (Vi, Yo, Ys.. Ya) . 


‘ 
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from which it is assumed that the functions are such that 
dX = (8X/8Y;) d¥; + (6X/5Y2) dY2 + (6X/5Yn)dYn . (B) 
where 


X = desired adsorption or desorption characteristic. 
Yi, ¥2, etc. = factors on which X is primarily dependent. 


Now, by following a test procedure in which standard values are chosen for each 
primary variable and in which all variables except one are held at their standard 
values for any given test, it is possible to experimentally determine functions for 
the parenthetical partial differential terms in Equation B. In other words, if 
X is plotted against Yj, the data being obtained from tests in which Yo, ¥3.... Ya 
were held at their standard values, a curve results which can be put into equat on 
form and which, in turn, can be differentiated, with respect to Yj, to yield (6X/6Y}). 

Using this technique for each of the primary variables involved, an expression 
for dX is obtained. Assuming this to be integrable, the resulting expression for 
X will contain a constant of integration for each of the primary variables. 


Actually, this so-called integration constant can, for a given variable, be either 
a pure constant, zero-valued, or some function of the other variables involved. 
The analysis method being proposed uses the assumption that the sum of the 
integration constants for each differential equation can, over a limited range of 
primary variable variation, be approximated by a pure constant, this constant 
being determined from the experimental data. This assumption has two basic 
and opposite ramifications; first, it renders the technique practical in that it enables 
the derivation of empirical prediction equations based on data from relatively few 
experimental tests; secondly, it imposes the most severe limitation on the efficacy 
of the results by not fully accounting for the intervariability of the primary varia- 
bles. Because of the effects of this assumption, the standard value of each variable 
should be chosen at or near its norma! or typical design level, and this should be 
in the vicinity of the middle of its test range. Similarly, it should be realized that 
reliability of prediction will generally decrease as the primary variables used in the 
prediction equations digress from their standard values. 


MetHop AppLIED TO TEsT Data 


The analysis method, having been explained in general notation, will now be 
further illustrated by applying it to actual test data. Although the method itself 
is universally applicable, it must be emphasized that the prediction equations that 
are evolved are for a particular adsorption system and must necessarily be based 
on a certain minimum amount of data from that system. In other words, the 
ultimate results achieved from data for a water vapor-activated alumina system 
will be different from the results reached through data from a water vapor-silica 
gel system, even though the same general technique is used in arriving at these 
results. There also would be differences in final prediction equations for widely 
different adsorption (or dehumidification) machines even though the same ad- 
sorbent-adsorbate combinations were used in each. 


The data used in the analysis application to follow were obtained using com- 
mercial grade, 6-16 mesh silica gel as adsorbent and air-borne water vapor as 
adsorbate. The adsorption machine (desiccant tester, in this case) is shown in 


BEHAVIOR OF SOLID ADSORBENTS IN DEHUMIDIFIERS, BY ROss AND MCLAUGHLIN 325 


Fig. 1. It was designed to be as simple structurally and functionally as possible 
so that there would be a minimum of outside influence on the behavior of the ad- 
sorbent under test. The desiccant bed was round with a cross-sectional area of 
2 sq ft, and air flow was axial. 


Fic. 1. TEst EQUIPMENT 


A total of 24 tests was conducted, 11 adsorption and 13 desorption. In every 
case all primary variables except one were held at their respective standard values 


NOMENCLATURE 


depth-to-diameter ratio of adsorbent bed. 

air flow, cubic feet per minute. 

air flow to heater wattage ratio, cubic feet per minute per 
watt 

adsorption efficiency to breakpoint, percent. 

dry weight of adsorbent, pounds. 

constant. 

depth of adsorbent bed, inches. 

economy of desorption to temperature-rise, kilowatt hours 
per pound of water desorbed. 

relative humidity of air entering bed, percent. 

dry-bulb temperature of air entering bed, Fahrenheit degrees. 
breakpoint time (adsorption), minutes. 

completion time (desorption), minutes. 

temperature-rise time (desorption), minutes. 

useful concentration at breakpoint, percent. 

useful concentration at completion (adsorption), percent. 
useful concentration desorbed, percent. 

face velocity of air stream, feet per minute. 

heater wattage. 
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for a given test. Conditions were near-adiabatic in that no after-cooling was 
employed. All tests were continued to completion. The air temperature entering 
the bed averaged 8-10 deg higher than room temperature, owing to a sensible heat 
gain through the fan. 


TABLE 1—NOMINAL VALUES OF TEST VARIABLES 
(Face velocity in fpm equals cfm/2) 


TEsT VARIABLES } NOMINAL VALUES 
Room Dry-Bulb Temperature, F......... 40, 70", 100 
Room Relative Humidity, percent ....... 20, 35%, 55, 90 
Adsorption Air Flow, cfm...............| 60, 110°, 170, 240 
Reactivation Air Flow, cfm ............. | 50, 62.5, 67.5, 90, 112.5*, 125 


* Chosen standard values. 


A detailed description of the desiccant tester, test schedule (Table 1), procedure 
and experimental data will not be recounted here. This information is on file at 
the Main Library, The Pennsylvania State University! and at the Research Labora- 
tory of the AMERICAN SocIETY OF HEATING AND AIR-CONDITIONING ENGINEERS. 

The method of obtaining an approximate prediction equation which has just 


1 Dynamic Characteristics of a Solid Chemical Desiccant, by W. L. Ross (Doctoral Thesis, Department 
of Mechanical Engineering, The Pennsylvania State University, June 1954). 
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been described in general terms will now be illustrated using completion useful 
concentration (adsorbed) as the desired characteristic of the dynamic system. 
Figs. 2-5 were plotted from the test results, and Equations 1-4 are analytical 
approximations to the curves shown in these figures. See Nomenclature for 
definition of the symbols used. 


From Fig. 2, 

U. = —0.714 T + 0.0076 T? — 0.00002744 T* + 34.24. . . . (1) 

From Fig. 3, 

From Fig. 4, 

From Fig. 5, 


Proceeding now with the design equation derivation, 


U,. = f (T, R, C, B) 
dU, = (6U./5T) dT + dR + (6U./5C) dC + (6U./6B) dB. . (5) 


From Equation 1, 


6U./6T = —0.714 + 0.0152 T — 0.00008232T? . . . . . (6) 


From Equation 2, 
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Since the face area of the bed was 2 sq ft, then C = 2V and Equation 3 can be 
written as 


and from Equation 8, 


Since the bed diameter was 19.18 in., then L = 19.18 B, and Equation 4, can be 
written as 


and from Equation 10, 


Substituting Equations 6, 7, 9, and 11 into Equation 5 yields 


dU, = (—0.714 + 0.0152 T — 0.00008232 T?) dT 
+ 0.505 dR + 0.00421 dC + 2.6373dB . . . . . . (12) 


Assuming that the functions involved are continuous and that each has an in- 
definite integral, 


U. = —0.714 T + 0.0076 T? — 0.00002744 7? + K, + 0.505 R + Kz 
+ 0.00421 C + K3;+ 2.6373 B+ Ky . . .... (13) 


Combining the four constants of integration in Equation 13 and taking their 
sum to be approximated by a pure constant, 


U. = K — 0.714 T + 0.0076 T? — 0.00002744 T? 
+ 0.505 R + 0.00421 C + 2.6373 B. . . . . . . (14) 


é 
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Next, apply this equation to all of the adsorption tests conducted to determine 
the value of K. For example, in Test No. 1 the following conditions prevailed: 


U. = 11.77 percent 
T = 79.0 F 
R = 25.8 percent 
C = 110.6 cfm 
B = 0.20855 
Substituting these values into Equation 14 yields 


K = 20.23 


Results of the substitution from all of the tests are given in Table 2. 


TABLE 2—DETERMINATION OF EMPIRICAL CONSTANT, K 


Test No. | EXPERIMENTAL U, | | REQUIRED K 
1 11.77 =K— 8.48 | 20.23 
3 11.59 = K— 7.55 19.14 
5 11.77 =K—- 6.9 | 18.67 
7 10.70 =K-— 8.94 19.64 
9 8.55 =K-— 13.21 | 21.76 
11 20.50 =K-+ 0.01 20.49 
13 35.47 = K+ 13.28 | 22.19 
15 14.62 =K— 4.48 19.10 
17 11.40 =K-— 8.14 | 19.54 

21 11.84 =K-— 8.52 20.36 
23 12.66 =K-— 7.59 20.25 


| 


The average of the required K's is 20.12, so the final prediction equaticn becomes 


U. = 20.12 — 0.714 T + 0.0076 T? — 0.00002744 T* 
+ 0.505 R + 0.00421 C + 2.6373 B. . . . .. . (15) 


Using this same technique with the appropriate curves from the test data, the 
following eight additional design equations were evolved: 
Breakpoint Useful Concentration 
Up = —4.60 + 0.3323 T — 0.00321 T? + 0.00000895 T* — 0.0391 R hs 0.00875 C 
— 0.000281 C? + 0.000001056 C* — 2.3975 B . (16) 
Completion Time per Pound of Adsorbent 
te/G = 83.7 — 2.914 T + 0.03143 T? — 0.0001148 T* 
+ 0.2799 R + 127.63(C)-°-65 « 
Breakpoint Time per Pound of Adsorbent 
tp/G = 4.83 — 0.01836 T + 2.781 (0.707)8"° — 0.0588 C 
+ 0.0002968 C? — 0.0000004952 . cw 
Adsorption Efficiency (to Breakpoint) 
Es = 168.3 — 3.625 T + 0.0555 T? — 0.0002923 T# — 0.279 R + 24.4 ay ened 
+ 159.96 B — 577.191 B? + 487.696 B®. . (19) 
Completion Useful Concentration Desorbed 


— 127.836 B? + 132.296 B r (20) 


4 
4, 
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Complete Desorption Time per Pound of Adsorbent 


tp/G = rey — 0.01478 T + 0.2031 R — 0.004884 R? + 0.00004157 R® 
+ 1.274 (B)-°-8 — 8.98 (W/1000) + 2.326 ivlinandl 
— 0.205 (W/1000)?. . « @) 


Temperature-Rise Time per Pound of Adsorbent 


tr/G = 6.546 — 0.00573 T + 0.02383 R — 0.0001683 R? — 25.312 C 
— 3.6162 (W/1000) + 0.83244 (W/1000)? — 0.064767 (w/ 1000) « (22) 


Economy of Desorption to Temperature Rise 


Mr = 5.15 — 0.0628 T + 0.0006063 T? — 0.000001875 T? — 0.0231 R 
+ 0.0001778 R? — 19.46 Cw — 7.8964 B + 21.6125 B 
— 19.1071 B® — 0.14332 a — 0.025 C1000)" 
+ 0.008333 (W/1000)3 . . « « @) 


SOLUTION OF SAMPLE PROBLEMS 


Several sample problems will now be solved through the use of the foregoing pre- 
diction equations. 


Example 1: For a certain dehumidification job the air to be dried will enter the 
desiccant (6-16 mesh silica gel) at the design conditions of 80 F dry-bulb and 45 per- 
cent RH (relative humidity). The dehumidifier has a cylindrical bed 18 in. in diameter 
and 6 in. deep. 

Estimate the maximum rate of air flow that can be used if adsorption efficiency (to 
breakpoint) must be maintained at 85 percent or higher. 

Solution: Refer to Equation 19. Substituting T = 80, R = 45, B = 6/18 = 0.333 
and Eg = 85 into Equation 19 yields 


85 = 168.3 — (3.625) (80) + (0.0555) (80)? — (0.0002923) (80) — (0.279) (45) 
+ (24.4) (0.716)°/ + (159.96) (0.333) — (577.191) (0.333)? 
+ (487.696) (0.333)8 


simplifying 
24.4(0.716)°/29 = 6.46 


or 
(0.716)°/20 = 0.265 
from which 
C/20 = 
therefore, 
C = 80cfm 


Example 2: It is desired to set an automatic valve-shifting timer on a dehumidifica- 
tion machine so that the cycle is switched to regeneration at a point about halfway 
between breakpoint and completion times. Inlet air is at 80 F dry bulb and 30 per- 
cent RH. Silica gel (6-16 mesh, 42 lb/cu ft dry density) is the adsorbent, and the 
bed dimensions are 16 in. diameter, 5 in. depth. Rate of air flow is 70 cfm. 

Estimate the time after the beginning of adsorption for which the timer should be 
set. 

Solution: Refer to Equation 17. Substitution of T = 80, R = 30 and C = 70 into 
Equation 17 yields 


t./G = 83.7 — he 914) (80) + (0.03143) (80)? — (0. 0001148) (80) 
(0.2799) (30) + (127.63) (70)-°- 
t./G = 10.32 min/Ib gel 


= 
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Bed volume = (Face area) (Depth) = (x) (8/12)? (5/12) = 0.5818 cu ft 
Dry weight of gel = (Bed volume) X (Dry density) = (0.5818) (42) = 24.44 Ib 
Therefore, completion time, tp = (10.32) (24.44) 252 min 
Next, refer to Equation 18. Substituting T = 80, R = 30 and C = 70 into Equa- 
tion 18 yields 
tp/G = 4.83 — (0.01836) (80) + (2.781) (0.707)? — (0.0588) (70) 


+ (0.0002968) (70)? — (0.0000004952) 
tp/G = 1.51 min/Ib gel 


Therefore, breakpoint time, tp = (1.51) (24.44) = 37 min. 
Thus the timer should be set for 37 + (14) (252 — 37) = 144 min. 


VIRTUES AND FAULTS OF METHOD | 


If the experimental results are reasonably accurate and if the functions of the 
design or prediction characteristics are not unduly physically erratic, the foregoing 
analysis method has the following virtues: (a) No simplifying assumptions about 
the physical system as such are made, for example, no particular mechanism of 
localized adsorption was assumed; the adsorbent particles were not assumed to be 
smooth spheres; no perfect fluid qualities were ascribed to the adsorbate; (5) It is 
adaptable to any dynamic system providing the prescribed test methods are used; 
(c) Based on relatively few experimental tests, it predicts an estimate of those 
factors which the engineer wants most concerning dynaniic adsorbent behavior 
under a great number of combinations of inlet conditions; (d) Having once formu- 
lated the equations for a given system over the desired range and tabulated the 
results, the method can be readily used by anyone whether or not he is mathe- 
matically or technically trained. 

The disadvantages inherent to the method are: (a) predicted characteristics at 
best can be only as accurate as the test data; (b) reliability of predictions de- 
creases toward the range limits of the variables, 7.e., as the variables move away 
from their respective standard values; (c) inter-variability of primary variables is 
not fully accounted for; (d) each different system requires an experimental investi- 
gation and analysis; and (e) certain factors such as adsorbent grain size and bed 
geometry, which have some effect on adsorbent characteristics, are not considered, 
although with the added complication of extra tests and extra terms in the equa- 
tions they could be included. 


DISCUSSION 


Gunnar C. F. Asker, Falls Church, Va., (WRITTEN): The authors have pointed 
out that prediction of dynamic adsorption is complex and influenced by many variables. 

The proposed analysis method is adaptable to behavior prediction of solid sorption 
dehumidifiers with stationary beds with bed depths of 2 in. to 8 in. and air flows used 
in good design practices. Table 1 of the paper gives the nominal values of test vari- 
ables. It would have been of value if more tests could have been the basis for the 
curves used and if bed depths of 14 in. and 20 in. for example could have been tested 
also, which would give a more complete Fig. 5 in the extreme conditions. Equation 
3 of the paper could in the range 25 to 120 fpm be a constant. Equation 4 could in 
the range 2 in. to 8 in. bed depth be a constant and these equations might become of 
higher order than 1 if extreme conditions are included. 

If we limit the adaptability of the test method to equipment with a bed depth of 
2 in. to 8 in. and stationary beds, the prediction formulas can be simplified by using 
constants for Equations 3 and 4 without significant sacrifice of accuracy. 
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The paper clearly emphasizes the complex nature of dynamic adsorption and the 
need for further research of rate controlling factors. 

The authors should be complimented for their mathematical approach to behavior 
prediction for solid sorption dehumidifiers. 


Joun Everetts, Jr., Philadelphia, Pa.: In this paper there is a serious error of omis- 
sion which is not due to the authors but due to the Society. This paper was sponsored 
thru the efforts of the TAC on Sorbents and I would like to have credit given to the 
TAC before the paper is finally published. 

The paper is one that is of interest from the standpoint of TAC operation, which is 
made up primarily of manufacturers and people who are interested in sorbents and who 
decided they needed some basic fundamental information on sorbent materials. They 
came to the Committee on Research for advice as to how they could get this informa- 
tion, and in the course of our natural operation we advised them that they should 
work up a program, present it to us, and also present us an idea of how to obtain the 
funds and where this operation was to be conducted. 

They came to us with a very definite concise program; they came to us with one 
hundred percent of funds contributed by their own industry, and thru the cooperation 
of The Pennsylvania State University, which has a laboratory which could undertake 
this research, they went thru the program and came up with the results as indicated in 
this paper, which is the first that we term fundamental directed research to give some 
basic data that are of value in design. 


G. L. Smpson, Pittsburgh, Pa.: The Committee on Sorption is very well pleased 
with the work of Dr. Ross and Professor McLaughlin, and met at noon today to dis- 
cuss further work. 

An engineer who has been designing adsorption equipment for a long period made 
the comment to me the other day that there is probably little in this paper that is not 
known by the engineers and the manufacturing concerns in that industry. 

Now whether that is so or not, it does not in any way detract from the value of this 
paper. That man, when he first started in designing, had no information whatsoever 
to guide him. He had a little rule-of-thumb furnished by one of the manufacturers of 
desiccants—use 10 cubic feet per hour per pound. That's all he knew to start in his 
designing. 

The early engineers had to compel adsorption to do enough useful work so they could 
earn a living. 

Papers of this kind and this paper in particular strengthen the hand of these engi- 
neers. They very greatly contribute to the information for engineers just entering 
that industry, the new blood, and also contribute to an increased understanding of 
what we are doing. That will add markets. 

There was a year, some twenty years ago, when to the best of my knowledge and 
belief, the total gross sales of adsorption equipment in this country amounted to 
$1,850.00. There were at that time 2 manufacturers of desiccants, one of them so 
thoroughly discouraged that he was about ready to quit manufacturing. Today there 
are 4 manufacturers of activated alumina in the United States alone, and a number of 
manufacturers of silica gel, and there are several new desiccants coming on the mar- 
ket, and the total business is running into the millions of dollars a year. 


AutHors’ CLosureE (Professor McLaughlin): The request by Mr. Asker for data 
on ¥ in. and 20 in. thick beds is understandable and perhaps indicates the direction 
which future work should take. Tests on thicker beds present no special problems. 
However, to study the activity in beds less than 2 in. thick will require rapid response 
recorders. Temperature and humidity changes at the bed outlet will occur at a rate 
beyond the ability of an observer to make manual observations. Virtually continuous 
records will also be necessary to study the short cycles which will accompany thin beds. 
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SEMI-ANNUAL MEETING, 1955 
SAN FRANCISCO, CALIFORNIA 


Meeting at San Francisco for the first time since 1941, the Society held the 
1955 Semi-Annual Meeting at the St. Francis Hotel, June 27-29, attracting a total 
attendance of 662. Final figures show that 335 members, 179 ladies, 123 guests 
and 25 children were present. 

Following the opening of the first technical session in the Italian Room of the 
St. Francis Hotel, at 9:30 a.m., June 27, Pres. John E. Haines, Minneapolis, Minn., 
presented D. E. McLeod, president of the Golden Gate Chapter, who expressed 
his own pleasure, and that of the chapter, on being able to welcome the Society 
to San Francisco after the 14 years which have elapsed since the 1941 meeting. 

President Haines announced that the next order of business would be the pre- 
sentation of the proposed By-Laws. He read the section of the By-Laws outlin- 
ing the method of amending them and explained that the proposed By-Laws were 
presented only at this session and for discussion between this Meeting and the 
Annual Meeting in Cincinnati in January 1956. He indicated that it was hoped 
that members would take advantage of the period to discuss these proposed changes 
and be prepared to vote on them at the time of the Annual Meeting. He then 
called on Second Vice Pres. P. B. Gordon, New York, N. Y., to present the changes. 

Vice President Gordon presented to the meeting a written notice of proposed 
amendments to the Society By-Laws, and which notice is summarized in the 
following paragraphs. 


That Section 1 of ARTICLE V on The Council be amended by adding to the first 
sentence the phrase ‘‘seven (7) of whom shall be from different Regional Areas and 
elected as Regional Directors for their respective Areas’ and that Section 2 be amended 
by inserting the words ‘‘Regional Areas’’ between the words “Branches” and ‘‘Officers”’ 
in Line 7 of the present By-Laws. 


Amendments to ARTICLE VII on Committees, Section 2, include a prefix reading as 
follows: ‘‘Unless otherwise provided, the” etc. and that a new subdivision (e) be added 
to Section 2, establishing a Regions Central Committee, consisting of the Second Vice- 
President and the seven (7) Regional Directors. 


That Section 3 (a) describing the duties of the Admission and Advancement Com- 
mittee be amended. 


That Section 3 (c) be amended to permit the GuipE Committee to serve for a term 
of one (1) year commencing November 1. 


That Section 3 (f) be amended to provide for seven (7) Chapters Regional Commit- 
tees, each serving one Regional Area, and each consisting of the Regional Director for 
the Area and (1) member and one (1) alternate member selected by each Chapter 
therein, to serve for a term of one (1) year. 


That Section 3 (g) be eliminated, also Rules J and 2, and that Section 5 (c) be amended 
by adding a prefix thereto reading as follows: ‘‘Except as otherwise provided,”’. 
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In ARTICLE II, Memberships, Sections 1, 2 and 3(a) to be amended and 3(d) be 
added to to provide for a new grade of Fellow and to eliminate the Junior Member 
grade. Also that Section 3(d) be made 3(e), that present 3(e) be 3(f) and Section 3(h) 
be amended. That Sections 4, 5 and 6 be amended outlining the privileges, limitations 
and procedures for proposals and applications and prerequisites for the various mem- 
bership grades. Also that the opening phrase of Section 8(a) be amended to include 
Fellows and eliminate reference to Junior grade. 


Amendments to ARTICLE III on Chapters, Special and Student Branches, and 
Regional Areas provide for renumbering existing Sections 1, 4 and 5 as Sections 1, 2 
and 3. That a new Section 4 on regional areas be added and that existing Sections 2 
and 3 be renumbered as Sections 5, 6 and present Section 6 be renumbered Section 7. 


In ARTICLE IV on Funds, use the word “Junior” for “Associate” in Section 1. 
Amend Section 3 on Dues to continue exemption for Honorary, Presidential and Life 
Members and annual dues rates as follows: Fellows, Members, Associate Members 
thirty (30) years of age or over, and Affiliates, twenty-five ($25.00) dollars. The 
annual dues of Associate Members under thirty (30) years of age shall be fifteen ($15.00) 
dollars. The annual dues of Students shall be fixed by the Council and shall be pub- 
lished in the JouRNAL. 


That Section 5 on Allocation of Dues for Research, be amended to provide that forty 
(40%) percent of the dues received from Fellows, Members, Associate Members thirty 
(30) years of age or over, and Affiliates, be allocated for basic or fundamental research. 


ARTICLE VIII on Meetings, Nominations, and Elections provides for an amendment 
to Section 3 on the make-up of the Nominating Committee members and alternates 
selected by Council and the Chapters Regional Committees, and a requirement for 
meetings at the Annual and Semi-Annual Meetings of the Society. 


An amendment that AprpeNnpix A of the By-Laws be eliminated. 


Vice President Gordon outlined the meaning of the several effects these amend- 
ments could be expected to have. He also stated that the amendments were 
proposed by the Council and were endorsed by more than two-thirds of the Coun- 
cil members. 

President Haines then appointed the following to serve as the Committee on 
Resolutions: John Everetts, Jr., Philadelphia, Pa., Chairman; G. C. F. Asker, 
Washington, D. C., B. L. Evans, St. Louis, Mo., and D. M. Mills, Houston, Tex. 

President Haines then turned the gavel over to H. B. Nottage, vice chairman 
of the first technical session and three papers (see program on p. 336) were pre- 
sented and discussed. 

At the second technical session on Tuesday, June 28, 9:30 a.m., Vice-Pres. John 
W. James presented vice chairman B. H. Jennings who presided over the technical 
session during which four papers were presented and discussed, one being by title 
only. 

At the third technical session, Wednesday, June 29, 9:30 a.m., Second Vice- 
Pres. P. B. Gordon called on vice chairman T. E. Taylor who presided at the 
session during which four technical papers were presented and discussed. 

At 2:00 p.m. on Wednesday, June 29, the Evaporative Cooling Symposium 
opened, being presided over by Treas. E. R. Queer. The panel consisted of: 
Wm. T. Smith, Chairman, Chief, Refrigeration and Air Conditioning Section, 
Headquarters, U. S. Air Force, Washington, D. C.; R. E. Phillips, Jr., Vice Presi- 
dent, Ralph E. Phillips, Inc., Los Angeles, Calif.; S. F. Duncan, Director of Re- 
search, Farr Co., Los Angeles, Calif.; R. J. Petersen, Chief Engineer, Utility Ap- 
pliance Corp., Los Angeles, Calif.; Stuart Giles, Director, Heat and Sanitation 
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Division, U. S. Naval Civil Engineering Laboratory, Port Hueneme, Calif.; Robert 
Ash, Assistant to the President, International Metal Products Co., Phoenix, Ariz.; 
Richard Hukill, Supervisory Mechanical Engineer, U. S. Naval Civil Engineering 
Laboratory, Port Hueneme, Calif.; D. T. Robbins, Chief Design Engineer, Holmes 
& Narver, Inc., Los Angeles, Calif.; R. M. Westcott, Partner, Holladay & West- 
cott, Los Angeles, Calif. 

Each member of the panel presented his prepared remarks and discussion from 
the floor followed. A condensed record of the technical material presented at this 
Symposium appears in the JOURNAL SECTION of Heating, Piping and Air 
Conditioning, August, 1955, pages 141-147, inclusive. 

Following the completion of the Symposium, President Haines called on John 
Everetts, Jr. for the Report of the Committee on Resolutions which was pre- 
sented as follows: 


WHEREAS, the first Semi-Annual Meeting of the AMERICAN SociETY OF HEATING 
AND AIR-CONDITIONING ENGINEERS is now about to close; and 


WHEREAS, the Meeting was held in the beautiful city of San Francisco famed for 
its hills, valleys and natural air conditioning and where the weatherman has fully co- 
operated with the aims and ideals of our Society; and 


WHEREAS, under the excellent direction of our officers and staff, the aims of the 
Society have been advanced through the presentation of technical papers and discus- 
sions; and 

WHEREAS, the Golden Gate Chapter through its Committee on Arrangements of 
which G. M. Simonson is Honorary Chairman, S. W. Terry, Sr., General Chairman, 
Herbert L. Duncan, Vice Chairman and Donald E. McLeod, Chapter President as 
well as the members, have ably provided an excellent program of entertainment of 
diversified nature for the enjoyment of their guests and providing visitors with an 
educational guide entitled ‘Sin in San Francisco”; and 

WHEREAS, it has been very difficult for many of the bachelor members to differ- 
entiate the smog from the fog because of the grog 


BE IT RESOLVED, that, as the Semi-Annual Meeting with the greatest all time 
attendance of 662 members and guests, we express our gratitude and appreciation to 
the Golden Gate Chapter, its officers, committees and members for their outstanding 
work, and 

TO Major General Wm. F. Dean, U. S. A. for his interesting and educational talk 
at the welcome luncheon, and 


TO the hotel management and staff for their courtesy and promptness, 

TO the authors and the discussors of technical papers for their educational contribu- 
tion, 

TO Walter Swanson, Executive Vice President of the San Francisco Convention and 
Visitors Bureau, for his fine cooperation and the assistance of his staff in helping to 
make this an outstanding meeting, 

TO the San Francisco newspapers, the wire services and the trade paper representa- 
tives for their excellent support and publicity, 

TO the ladies of San Francisco for the complete and unselfish attention they have 
given to the visiting ladies, 

TO Dr. Baldwin M. Woods, Society Past President, for his usual masterful job as 
toastmaster, 


TO Reverend John Collins for his invocation at the Banquet, 
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TO Dr. A. M. Zarem for a most enlightening and interesting talk on an important 
problem, 

TO President John E. Haines, the Officers and Committees of the Society for their 
tremendous contribution in time and energy for the benefit of the Society in this, our 
62nd year, 

Respectfully submitted, 


John Everetts, Jr., Chairman 


Gunnar C., F. Asker 
Bruce L. Evans 
D. M. Mills 


Following the unanimous adoption of these resolutions, the meeting was ad- 
journed. 


PROGRAM—SEMI-ANNUAL MEETING 
St. Francis Hotel, San Francisco, Calif.—June 27-29, 1955 


Friday, June 24 
8:00 p.m. Executive Committee, John W. James, Chairman (Room 218) 


Saturday, June 25 


1:30 p.m. Finance Committee, E. R. Queer, Chairman (Room 212) 
3:00 p.m. Chapter Relations Committee, P. B. Gordon, Chairman (Room 218) 


Sunday, June 26 
9:30 a.m. Council Meeting, (Room 220) 
10:00 a.m. REGISTRATION—(Green Room) 
2:00 p.m. Research Executive Committee, B. H. Jennings, Chairman (Room 212) 
3:00 p.m. WELCOME TEA, Sacramento Chapter Hosts 


Monday, June 27 
9:00 a.m. REGISTRATION—(Green Room) 


9:30 a.m. First TECHNICAL Session, (Italian Room) 

Call to Order by Pres. John E. Haines 

Welcome by Don McLeod, President, Golden Gate Chapter 

Amendments to By-Laws 
1. Membership Grades and Qualifications 
2. Regional-Director Plan for Chapter Operation 
3. Guide Committee Appointment 
4. Student Application Processing 

H. B. Nottage, Vice Chairman 

Electric Analogue Prediction of the Thermal Behavior of an Inhabitable 
Enclosure, by Harry Buchberg, Los Angeles, Calif., presented by 
Professor Buchberg. 

A Method for Determining Winter Design Temperatures, by M. K. 
Thomas, Toronto, Ont., Canada, presented by Mr. G. O. Handegord, 
Saskatoon, Sask. 

Periodic Heat Flow Through Flat Roofs, by D. J. Vild, Cleveland, Ohic, 
M. L. Erickson, Minneapolis, Minn., G. V. Parmelee and A. N. Cerny, 
Cleveland, Ohio, presented by Mr. Vild. 


z 


12:30 p.m. 


1:00 p.m. 
2:00 p.m. 
2:00 p.m. 
2:00 p.m. 
2:00 p.m. 
7:00 p.m. 


9:00 a.m. 
9:30 a.m. 


10:30 a.m. 
1:30 p.m. 
2:00 p.m. 
2:00 p.m. 
6:00 p.m. 
8:45 p.m. 


9:00 a.m. 
9:15 a.m. 


9:30 a.m. 
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WELCOME LUNCHEON, (Colonial Room) 
Chairman: G. M. Simonson 
Toastmaster: C. E. Bentley 
Speaker: Major General William F. Dean, U.S.A. 
Subject: Military Requirements of Today 


GoLF TouRNAMENT, Olympic Country Club 

Long Range Research Program, John Everetts, Jr., Chairman, (Room 212) 
Membership Committee, B. W. Farnes, Chairman 

TAC on Air Cleaning, A. B. Algren, Chairman, (Room 220) 
SIGHTSEEING Trip—Scenic Boat Ride on San Francisco Bay 
“Forty-NINER” GET-TOGETHER Party, Surf Club at Beach 


Tuesday, June 28 


REGISTRATION—(Green Room) 
SECOND TECHNICAL SEsSION, (Colonial Room) 

Call to Order by First Vice Pres. John W. James 

B. H. Jennings, Vice-Chairman 

Ventilation of Commercial Laundries, by Sidney Marlow, New York, 
N. Y., presented by E. R. Kaiser, Cleveland, Ohio. 

Air Conditioning Coil Odors, by A. B. Hubbard, Bloomfield, N. J., 
Nicholas Deininger and Frederick Sullivan, Cambridge, Mass., pre- 
sented by Mr. Hubbard. 

A Rapid General Purpose Centrifuge Sedimentation Method for Meas- 
urement of Size Distribution of Small Particles, Part II—Procedures 
and Applications, by K. T. Whitby, presented by the author. 

Size Distribution and Concentration of Airborne Dust, by K. T. Whitby, 
A. B. Algren and R. C. Jordan, Minneapolis, Minn., presented by Dr. 
Whitby. 

SIGHTSEEING Trip: Golden Gate Bridge, Muir Woods 

Nominating Committee, B. L. Evans, Chairman, (Roem 221) 
Chapters Conference Committee, J. S. Burke, Chairman, (Room 261) 
Public Relations Committee, J. H. Fox, Chatrman 

INFORMAL DINING AT FISHERMAN’S WHARF, International Settlement 
SAN FRANCISCO NiGHT CLUB TouR 


Wednesday, June 29 


REGISTRATION—(Green Room) 


Ladies’ Continental Breakfast, (Mural Room) Conducted Tour of Stores, 
Luncheon in Chinatown 


TuirD TECHNICAL (Colonial Room) 

Call to Order by Second Vice Pres. P. B. Gordon 

T. E. Taylor, Vice-Chairman 

Sources of Vent Gas in Hot Water Heating System, by L. N. Mont- 
gomery, Boston, Mass.. and W. S. Harris, Urbana, Ill., presented by 
Professor Harris. 

Psychrometric Analysis for Design of Forced Draft Cooling Towers, by 
S. E. Agnon, Haifa, Israel, and B. H. Spurlock, Jr., Boulder, Colo., 
presented by Professor Spurlock. 

Resistance of Wooden Louvers to Fluid Flow, by C. W. Bevier, College 
Station, Tex., presented by Dr. H. B. Nottage, Encino, Calif. 

Performance and Evaluation of Room Air Distribution Systems, by 
Alfred Koestel and G. L. Tuve, Cleveland, Ohio, presented by Professor 
Tuve. 
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Aquarium, Zoo and Ocean 
2:00 p.m. 
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10:00 a.m. Ladies’ and Children’s Sightseeing and Luncheon: Golden Gate Park, 


EVAPORATIVE COOLING SyMPosIUM—(Colonial Room) 


Call to Order by Treasurer E. R. Queer 


Wm. T. Smith, Chairman 


Historical—R. E. Phillips, Jr. 

Air Cooling by Evaporation—S. F. Duncan 
Evaporation from Surfaces—R. J. Petersen 
Weather Data Limitations—Stuart Giles 
Geographical Limitations—Robert Ash 
System Design—Richard Hukill 

Indirect Systems—D. T. Robbins 

Water Treatment—R. M. Westcott 


Discussion Period 


Report of Committee on Resolutions 


Unfinished Business 
New Business 
Adjournment 


6:30 p.m. SocraL Hour—(Italian Room) 
SEMI-ANNUAL BANOUET—(Colonial Room) 


7:00 p.m. 


Toastmaster: Dr. Baldwin M. Woods, ASHAE Past President; Vice President, Uni- 
versity Extension, University of California 
Speaker: Dr. A. M. Zarem, Manager, Southern California Division, Stanford Research 


Institute 


G. M. Smwonson, Honorary Chairman 


Banquet Committee: N. H. Peterson, 
Chairman, J. E. Murray, T. R. Simonson. 


Entertainment Committee: J. 1. Sprott, 
Chairman, Edward Hill, Jr., W. M. Lewis, 
J. E. Murray, C. W. Reid, Lawrence 
Shea. 


Finance Committee: K. F. Baldwin, 
Jr., Chairman, Wm. Barron, J. D. Knive- 
ton, J. O. Martin, J. N. Moore, T. R. 
Simonson. 


Ladies Committee: E. C. Cooley, Jr., 
Chairman, A. T. Bloxham, T. E. Brewer, 
Charles Lambert, Richard Stites, Jr. 


Publicity Committee: T. E. Brewer, 
Chairman, A. W. Berrier, W. H. Buck, 
R. E. Conner. 


Reception Committee: T. J. White, 


Subject: Smog—A Challenge to Technology 


COMMITTEE ON ARRANGEMENTS 


H. L. Duncan, Vice Chairman 


S. W. TERRY, General Chairman 


Chairman, G. N. Aranovsky, R. D. 
Knowles, M. J. Kodmur, W. W. MacLean, 
F. H. McLaughlin, J. D. Mitchell, H. D. 
Page, R. M. Scott, G. H. Smith, J. B. 
Smith. 


Sessions Committee: D. L. Williams, 
Chairman, L. Britt, Leo Dwyer, G. L. 
Gendler, R. B. Holland, F. W. Jordan, 
R. C. Kelly, R. N. Poage, E. C. Sanford, 
C. B. Smith, J. E. Wilson. 


Sports Committee: Dudley Deane, 
Chairman, J. C. Beck, Jr., D. A. Delaney. 


Transportation Committee: K. K. La- 
Point, Chairman, P. S. Beggs, A. H. 
Blackwell, A. T. Bloxham, H. A. Wolfson. 


Young People’s Committee: R. C. Pri- 
buss, Chairman, J. C. Beck, T. C. 
Douglass, Jr., J. F. McIndoe. 
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No. 1543 


ELECTRIC ANALOGUE PREDICTION 
OF THE THERMAL BEHAVIOR OF AN 
INHABITABLE ENCLOSURE{ 


By Harry BucuBEerG*, Los ANGELES, CALIF. 


This paper is the result of research sponsored by the AMERICAN 

SOCIETY OF HEATING AND AIR-CONDITIONING ENGINEERS, INC.., 

in cooperation with the Department of Engineering of the University 
of California. 


HIS PAPER presents a thermal circuit analysis of the thermal response of a 

simple dwelling to the time variable micro-climate and shows how solutions of 
the circuit are obtained by electrical analogy. Consideration was given only to 
the temperature-time response of the structure and space and to the rate of heat 
loss or gain by the space without including moisture transfer. A direct determina- 
tion of the sensible air conditioning load required to maintain the space at a con- 
stant temperature was also made. 

Methods of calculating the instantaneous heat load based on solutions of the 
heat conduction equation are available in the literature. Under many conditions 
calculations based on these methods result in substantial errors of prediction. 
This is especially true when the influence of radiation exchange within the en- 
closure, direct solar transimssion through transparent areas, ventilation, and 
thermal capacity of internal partitions and objects are of importance. Many. 
experimental studies of the thermal behavior of full-scale systems have been un- | 
dertaken and can be found in the literature. Such studies are costly in time 
and money and it behooves us to seek and develop methods of analysis which con- 
sider the entire system at once including the interactions at the boundaries. 

One of the most powerful techniques for predicting the thermal behavior of com- 
plex heat transfer systems is the representation of the system and boundary con- 
ditions by a thermal circuit. Many investigations using this method of analysis 
have been reported in the literature’. Examples of the application of thermal 
circuit techniques to the specific study of the thermal behavior of buildings are 
few. Important contributions occur in References 2, 3, 4, 5 and 6. ; 

Space limitation made necessary the omission of considerable detail concerned 
with the representation of boundary conditions, the calculation of circuit par- 
meters, the radiation exchange network within the house, and methods of lumping 


t The investigation was carried out by the author in partial satisfaction of the requirements for the degree 
of Master of Science in Engineering. 
* Department of Engineering, University of California. 
Presented at the Semi-Annual Meeting of the AMERICAN SociETY OF HEATING AND AIR-CONDITIONING 
ENGINEERS, San Francisco, Calif., June 1955. 
1 Exponent numerals refer to References. 
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circuit parameters. Information on these subjects is given in Appendixes A, B, 
and C and in a second paper, Electric Analogue Studies of Single Wall Sections, 
soon to be available. 


SysTEM INVESTIGATED 


General Description: A one-room wood frame dwelling, shown in Fig. 1, con- 
stituted the thermal system studied. It is referred to as the test house. The test 
house is located on the roof of the Engineering Building B at the University of 
California, Los Angeles. This places the house approximately 50 ft above the 


Fic. 1. Test House LocaTep ON Roo¥ OF ENGINEERING 
BUILDING, UNIVERSITY OF CALIFORNIA, Los ANGELES 


ground level (longitude 118 deg 26 min, latitude 34 deg 4 min N) witha substantially 
unobstructed view to the east, west and south. The north side is obstructed by a 
7-ft parapet running parallel to the north facing wall 106 ft distant. The long walls 
face exactly north and south, the south facing windows being protected from direct 
solar radiation during the months from June to October by eaves overhang. The 
south wall windows constitute the only glass area. The roof is very nearly a 
horizontal plane and is so considered in the analysis. As shown on Fig. 2, a sche- 
matic drawing of the thermal system being considered, the interior dimensions are 
10.4 x 15.4 x 8.2 ft. 

Construction Details: The test house is of Douglas Fir wood frame construction 
with walls of 1 in. exterior fir sheathing, 2 x 4 in. vertical studs placed 16 in. on 
center, and 14 in. interior plywood. The west wall only contains rockwool in- 
sulation batts (nominal 3 in. thick) in the air space between the studs. The ceiling 
is of open joist construction and the floor consists of 1 in. fir flooring nailed to 2 x 4 
in. joists which rest on leveling wedges and on the roof of the Engineering Building. 
The roof covering is green roll asphalt roofing, one section of which is painted flat 
white as indicated in Fig. 2. The south wall windows are made of standard single 
glass sheets set into integral wall framing. Exterior surfaces are all painted a buff 
color. 

Boundary Conditions during Test Period: The thermal behavior of the test house 
depends on the geometry and on the thermal properties of the structure and also 


, 


ELECTRIC ANALOGUE PREDICTION OF THERMAL BEHAVIOR, ETC., BY BUCHBERG 341 


upon independent functions or boundary conditions that describe the interaction 
of the system with its surroundings. 

During the test period (week of September 7, 1953) the days and nights were 
clear and air temperature and movement were normal for that time of year except 
that the peak air temperature occurred later than usual. Radiation exchange oc- 
curred between the test house and the sun, the air mass, the engineering building 
roof, and the parapet at the north wall. Air movement was somewhat restricted 
under the floor of the house. A significant heat source existed inside the test house 
due to the recording equipment located there. 


T 


Fic. 2. SCHEMATIC DIAGRAM AND DIMENSIONS OF TEST 
HovusE 


Instrumentation: The test house was provided with instrumentation for meas- 
uring the physical variables of the system that have an important influence on the 
thermal behavior. Measurements were made of the following variables: 


. Inside and outside surface temperatures. 

. Inside and outside wet and dry-bulb air temperatures. 
Heat fluxes across several inside surfaces. 

. Inside and outside air velocity. 

. Solar and total irradiation of a horizontal surface. 


Whe 


Conventional instrumentation such as thermocouples, aspirated psychrometers, 
heat meters, a hot coil anemometer, an Eppley pyrheliometer, and a total hemi- 
spherical radiometer’ was used for all observations. Measurements were recorded 
continuously during the test period by high-speed, electronic, self-balancing po- 
tentiometers and a d-c amplifier and recording oscillograph, and provided the basis 
for the experimental results presented later in this paper. 


THERMAL CIRCUIT PRINCIPLES 


Circuit representation of physical systems is a well established technique and 
requires little elaboration at this point. However, a few statements concerning 
the circuit representation of thermal systems and this particular application are 
in order. 
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Limitations and Advantages: At the outset it is important to recognize that the 
thermal system represented by a circuit is not the real physical system but rather 
an approximately equivalent system composed of discrete sections or lumps. As- 
sociated with each lump is a thermal capacity, all capacitors being appropriately 
interconnected by thermal resistance linkages, representing resistance to thermal 
energy transfer. Thus, the real distributed property system is replaced by a 
system of pure lumped thermal capacity interconnected with pure lumped thermal 
resistance. The 2 systems may be thought of as approaching equivalence as the 
size of the lumps become smaller and as the number of lumps approach infinity. 

The error introduced by lumping the properties of the system is a function of 
the fineness of the lumping, the pattern of the lumping, the boundary conditions, 
the length of time after a change in input occurs, and the location in the network 
where the value of temperature or heat flux is required. An exact quantitative 
evaluation of the error can be made only by comparing the exact analytical solution 
of the distributed system with the solution of the difference equations representing 
the lumped properties system. This procedure becomes very involved even with 
relatively simple boundary conditions and prohibitive with the boundary conditions 
involved in this investigation. The question of lumping was, therefore, evaluated 
experimentally by comparing the response of several different analogous electrical 
networks representing a single wall section. It is planned to present a report on 
these studies in the later paper, Electric Analogue Studies of Single Wall Sections. 


THERMAL CIRCUIT REPRESENTING THE TEST HOUSE 


In order to work out a suitable thermal circuit for the test house, it was necessary 
to idealize the real physical system in the following: 


1. All thermal energy transfer through structural elements is unidirectional and 
perpendicular to the long dimension of the element. 

2. The test house is considered to be made up of 8 structural elements consisting of 
the west wall, east wall, north wall, south wall, south glass area, floor, white roof and 
green roof; all of which present parallel paths of thermal energy transfer into the enclosed 
space. 

3. Each of the distributed property sections is replaced by lumped property sections. 

~~. 4. The lumped thermal properties are constant and equal to the mean values of the 
real properties over the temperature range encountered. 

~~». 5. The instantaneous temperature representing the average temperature of any 
plane surface is approximately equal to the actual temperature of the surface measured 
at its gecmetric center. 
» 6. The air mass filling the enclosed space is considered to be at a uniform tempera- 
ture at any instant, #.e., thermal energy transferred to or from the air acts instantane- 
ously on the whole mass to raise or lower its temperature uniformly space-wise. 

7. Net radiation exchange with the inside air mass is negligible. 

8. All surfaces radiate diffusely. 

9. Negligible infiltration and leakage exists. 

10. Any existing moisture transfer is negligible. 

1i. Incident solar radiation transmitted by any section is negligible. 

12. Contact resistances through the conduction path are negligible. 


Asa result, the diagram, Fig. 3, shows the thermal circuit of what may be called 
the idealized test house, and is the circuit which was solved to obtain the predic- 
tions mentioned later. (The cymbols used in Fig. 3 are defined in Nomenclature 
and Symbols:). For purposes of description the circuit may be thought of as con- 
sisting of 3 parts: 
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_“1, Thermal conduction paths through the structural elements represented as parallel 
lumped R-C networks. 
2. Radiation exchange between all interior surfaces represented by a resistance net- 
work. 
‘3. Boundary conditions represented by time variable and constant temperature 
sources connected through appropriate thermal resistance to the network, and thermal 
energy generators at various points in the network. 


On the inside of the test house thermal energy exchange takes place by convec- 
tion to the air mass and by radiation exchange between all of the surfaces. The 
convection exchange is simply treated as a resistance to air mass, represented by 


TABLE 1—SUMMARY OF RATIOS AND UNITs OF ANALOGOUS ELECTRICAL AND 
THERMAL QUALITIES* 


Units ScALE Factors 
THERMAL ELECTRICAL | Ratio VALUE 
| 
Time hrs sec — 2 
Capacity oF Farads 8 x 108 
°F Re 
Resistance (Btu/hr) | Ohms R 16 x 106 
| E | 
Potential °F Volts 1 
x 
i or Amperes | 


® Refer to Appendix B for the actual values of resistances and capacitances in thermal and electrical units 
used n the network representation. 
b = Ref. Temp. 


a thermal capacitor. The radiation exchange is represented by a linearized re- 
sistance network that accounts for all interreflections as well as the first or funda- 
mental exchange. It is recognized that interreflections are not of great importance 
in this instance, all emissivities being near unity; however, with little additional 
complexity all interreflections can be handled (see Appendix C). This serves as 
an example for cases where interreflections may be of importance. 

The presence of recording equipment resulted in a significant thermal energy 
source within the enclosed space. From the instrument manufacturers ratings, 
it was estimated to be approximately 375 watts and is represented in the thermal 
circuit as a constant energy source or input device connected to the air capacitor. 

To determine the sensible air conditioning load required to maintain the space 
at a constant temperature, a constant potential source was connected to the inside 
air temperature point and then grounded through an appropriate resistance. The 
potential drop across the resistance is proportional to the load. 
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THERMAL CircuIT SOLUTION BY ELECTRICAL ANALOGY 


Analogous Electric Circuit: The existence of the thermal-electrical analogy can | 
easily be verified by comparing the finite difference equations representing the 
lumped thermal circuit with the equations representing a similar electrical circuit. 
This has been done many times and will not be repeated here. Suffice it to say 
that the analogy exists for any complex resistance-capacitance network providing 
the following conditions are met: (a) electrical and thermal circuits are schemati- 
cally similar; (6) dimensionless moduli characterizing the electrical circuit are 
numerically equal to those characterizing the thermal circuit; (c) boundary condi- 
tions imposed are exactly the same for the electrical and thermal circuits and are 
correctly related in time. 


Fic. 4. ELEctric ANALOGUE OF TEST HOUSE THERMAL 
SysTEM INCLUDING (a) INPUT DEvicEs, (b) R-C Net- 
WORK, AND (c) MEASURING INSTRUMENTS 


To assure exact similarity between the electrical circuit used and the thermal 
circuit representing the test house the circuit diagram shown in Fig. 3 was con- 
sidered to be the analogous electrical circuit. Appropriate scale factors derived to 
satisfy condition (b) are shown in Table 1. 

Boundary Conditions: To duplicate the boundary conditions of the thermal cir- 
cuit it was necessary to provide electrical devices capable of producing the ap- 
propriate time-variable potentials, constant potential, and time-variable current 
inputs. Fig. 4 shows how this electrical equipment appeared when erected. In 
addition, it was necessary to establish the proper timing between the various in- 
puts. 


1. The time-variable potential corresponding to the diurnal variation in air tempera- 
ture was obtained by means of a drum-type function generator. The particular func- 
tion to be generated was plotted on rectangular coordinate paper. A copper or brass 
wire was laid over the curve and cemented to the paper which was then formed around 
a drum and secured. The drum was rotated by a drive mechanism causing the wire 
curve to act as a wiper against a fixed linear potentiometer. A constant voltage was 
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impressed across the potentiometer resulting in an output voltage signal at the wire 
wiper proportional to the air temperature. Zero control and amplification of this sig- 
al was accomplished by means of a direct-coupled feed-back amplifier known as an 
operational amplifier. Amplitude control was obtained by varying the ratio of input 
to feedback resistance, and zero control was obtained by adding a constant voltage to 
the function generator output through the operational amplifier. The signal was im- 
pressed on the network as a repeating function corresponding to the 24-hr air tempera- 
ture cycle, and timed with the solar current inputs through a common drive mechanism. 

A switching device consisting of timed relays was used to vary the outside convective 
resistance. It was found that the wind velocity averaged about 5 mph during the 
day and about 1 mph at night. Therefore, a different value of resistance was switched 
into the network during the night and day periods. A greater refinement in represent- 
ing the non-linear convective resistance can readily be obtained by using a stepping 
switch and many values of resistance corresponding to the pattern of wind velocity 
during the 24-hr period. This refinement was not considered to be important in this 
investigation. 

2. The long-wave radiation boundary potential was considered to be equal to a con- 
stant fraction of the air potential. This time-variable voltage signal was obtained by 
impressing the function generator output on the network through another operational 
amplifier used to adjust the amplitude as required. 


3. The constant under floor air potential was obtained by means of a regulated d-c 
power supply. 

4. Time-variable current representing the incident solar radiation input absorbed by 
each of the exposed surfaces was obtained through a special solar input circuit. Equa- 
tions representing direct and diffuse solar irradiation absorbed by each of the walls 
were derived (see Appendix A). All of the equations are sine or cosine functions of 
time. The solar input circuit is simply a device to synthesize these equations and to 
deliver a time-variable current that is proportional by the proper scale factor to the 
incident solar radiation absorbed by each surface. The sine and cosine functions were 
generated by means of Scotch Yoke mechanisms which imparted a sinusoidal motion 
to the wipers of linear potentiometers. Operational amplifiers were used as adders 
and for amplitude control. Relays energized through a microswitch actuated by a 
cam on the Scotch Yoke crank were used to simulate sunrise and sunset. The output 
was limited to positive values of current by shorting the signal to ground through a 
diode vacuum tube at appropriate points in the circuit. Currents proportional to the 
amplifier output voltages were obtained through the use of current generators that 
produced a current output proportional to the voltage input. 


Methods of Measurement: Measurement of voltages representing the inside and 
outside surface temperatures of all sections of the house and the inside air tempera- 
ture at approximately 20 min intervals during a 24 hr cycle constituted the solu- 
tion of the thermal circuit. The potentials were recorded on 35 mm film by means 
of a high speed electronic switch, cathode-ray oscillograph and oscillo-record cam- 
era.’ A high impedance voltmeter was used for spot checks during a run. 

In the determination of the sensible air conditioning load a d-c amplifier and 
recording oscillograph were used to measure the voltage drop across the resistor 
connected between the battery representing the constant inside air potential and 
ground. 

Analogue Results: When the data from these measurements were converted to 
their thermal equivalents, they were plotted in the accompanying figures as points 
and labelled Points-computed. They are also referred to later as analogue predic- 
tions when they are compared with the experimental results, obtained by the data 
from instruments provided in the test house. 
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EXPERIMENTAL RESULTS 


Results of the observations of the thermal behavior of the test house during the 
24-hr period beginning at midnight, September 8, 1953, are presented in Figs. 5 
through 10. On these figures these results are curves without data points so that 
computed values representing the electric analogue predictions might be superposed 
wherever applicable for purposes of comparison. 
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Fic. 5. SOLAR ENERGY ABSORBED DurR- 
ING THE 24 HR PERIOD BEGINNING 
SEPTEMBER 8, 1953 (COMPUTED POINTS 
ARE ANALOGUE INPUTS; CURVES ARE 
Direct MEASUREMENTS) 


Irradiation Data: The solar energy absorbed by the white and green sections 
of the roof is shown in Fig. 5. The curves, illustrating the experimental results, 
are based on the observed irradiation and the same values of absorptivity used in 
the analogue computations. The solar energy absorbed by the east and west walls 
is shown in Fig. 5. The observed data illustrated by the curves were calculated 
from the expression 


where 
(Hp)a = (Hp) ol Cos (Z, — Z,)/tan hs] (2) 
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(Hp), and (Hq), being based on the pyrheliometer measurements. Equation 2 is 
simply arrived at from (Hp), = (Hp)n cos X and the definition of cos X in the 
horizon system of coordinates. The value for a,y was the same as that used in the 
analogue computations and the azimuth and altitude angles of the sun were ob- 
tained from Reference 10. 

The net thermal energy lost by the white and green roof sections due to low 
temperature, long-wave radiation exchange is plotted on Fig. 6. The observed 
data (the curves) were obtained from the expression 


(qr) net/An = (aiw)n — (€iw)noTn*. (3) 


where H,,y and 7, are measured quantities. Values for the radiation properties 
were the same as those used in the analogue computations. 

Temperature Data: Several items regarding the temperature data given by the 
curves in Figs. 5 through 10 are noted as follows: 


1. A drop in observed ceiling temperature under the green roof section beginning 
just before 12 noon may be noted on Fig. 7. According to steady state calculations an 
increase in conduction path resistance through the roof of approximately 3.5 times 
could cause a drop in ceiling temperature of about 10 F with the assumption that (to)r. 
and 7; are substantially independent of the roof conduction resistance. At this time 
of day (to)r, is influenced mainly by the net radiation exchange and outside convection 
resistance. An increase in conduction path resistance by a factor of 3.5 can be realized 
by the presence of an air space approximately 4 in. thick. The presence of such an 
air pocket over the measuring point was substantiated by other data which indicate 
that the degree of dip in the ceiling temperature during this period is very sensitive to 
the outside surface temperature. On very bright warm days with high peak roof tem- 
peratures the dip was accentuated while on cool cloudy days the dip disappeared. 
This was undoubtedly caused by expansion and contraction of the air pocket (verified 
by inspection), a well known defect in rolled roof coverings. 
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2. Referring to Fig. 8, it can be seen that the outside surface temperature of the east 
wall rose very rapidly shortly after 8:00 a.m. On the other hand, the solar radiation 
absorbed by an unobstructed east wall based on measurements of horizontal irradiation 
increased steadily after 5:40 a.m. reaching a peak at 8:00 a.m. as shown in Fig. 5. The 
reason for this seemingly inconsistent behavior can be explained by the fact that the 
east wall of the test house, at the level of measurement, was actually shaded from the 
sun until approximately 8:00 a.m. by a building wall approximately 50 ft to the east. 

3. Observed south wall surface temperatures are not shown on Fig. 9 because these 
temperatures were not recorded during the test period. 


Wind velocity data as a function of time are not presented in this paper, al- 
though measurements were made. Reduction of the oscillogram tapes require 
more time and effort than was thought to be warranted at this time. The average 
wind velocity on September 8, 1953 was between 4 and 5 mph during the day and 
about 1 mph at night. 


ANALOGUE PREDICTIONS COMPARED WITH EXPERIMENTAL RESULTS 


Predictions of the thermal behavior of the test house are shown as points super- 
posed on graphs of observed temperature-time history for a 24-hr cycle during the 
test period. Figs. 7, 8, and 9 present the surface temperatures, and Fig. 10 the 
diurnal variation in outside and inside air temperature. The boundary inputs for 
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various surfaces are given in Figs. 5 and 6 to aid in the interpretation of the ana- 
logue results. 

Prediction of the sensible air conditioning load, Fig. 11, required to maintain 
the space at a constant temperature of 76 F was obtained as a second solution of 
the thermal circuit. The diurnal variations in heat flux at the inside surface of 
the various walls, the roof sections, and the floor are also given in Fig. 11. 

Boundary Inputs: The difference between the computed and observed inputs, 
shown in Figs. 5 and 6, is due mainly to the approximation that the irradiation of 
a surface normal to the sun’s rays is constant during the day and equal to the in- 
tegrated mean value. The sharp rise in solar energy absorbed by the east wall 
after sunrise and the sharp drop at the west wall at sunset are due to relay limiters 
in the solar radiation input circuit. 

A compromise (see Appendix A) in the choice of long-wave radiation potential 
resulted in considerably lower computer values of net loss during the day com- 
pared to the observed data shown in Fig. 6. This was compensated for partially 
by the low mid-day computer values of solar input. 

Prediction of Surface Temperatures: The predicted roof and ceiling temperatures, 
shown in Fig. 7, are in good agreement with the measured values. 
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As indicated by Fig. 8, the predicted inside surface temperatures of the west 
wall agree well with observed temperatures. The predicted east wall temperature 
cycle agrees well in amplitude but is considerably out of phase, leading the observed 
temperature cycle by approximately 3 hr. The difference in phase for the outside 
surface temperature can be explained by the shading of the east wall of the test 
house for approximately 2% hr after sunrise and by the sharp rise in the com- 
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puted radiation input immediately after sunrise. The inside surface temperature 
follows the inside air temperature rather closely and also indicates some response 
to the rising outside surface temperature during the morning. 

The predicted north wall outside surface temperature cycle, shown in Fig. 9, 
compares favorably with the observed values except that they are as much as 5 F 
less during the afternoon. This difference may be accounted for by the fact that 
reflection from the north parapet was neglected. The predicted inside surface 
temperature cycle leads the observed cycle but is similar in amplitude. It may 
be noted that the predicted surface temperature cycle is approximately in phase 
with the inside air temperature cycle. No comparison can be made with the 
predicted south wall temperatures since observed data were not recorded. It 
can be seen, however, that in this case again the inside surface temperatures follow 
closely the inside air temperature pattern. 

The predicted inside floor surface temperature cycle, shown in Fig. 9, agrees 
well with the observed data both in phase and amplitude. The predicted south 


NOMENCLATURE AND SYMBOLS 


A = heat transfer area, square feet. Subscripts 
C = total heat capacity, Btu per 
Fahrenheit degree. b pod 
Cp = unit heat capacity (specific heat) an be 
at constant pressure, Btu per 
(pound) (Fahrenheit degree). D = direct solar radiation 
E =constant electrical potential, d = diff d sol di 
volts. = diffuse or scattered solar radia- 
e = time variable electrical poten- 
H = irradiancy, or incident radiant circuit element. 
flux per unit area, Btu per 
(hour) (square foot). ra 
h = altitude angle, degrees. a ee 
I = constant electric current, am- 8 
res. 
i = time variable electric current, wall space. 
amperes. mean vaiue, 
Q = thermal energy, Btu N = surface normal to sun’s rays. 
q = heat flux, Btu per hour. 
R = radiosity, Btu per (hour) (square f 
foot). n= ace. 
R’ = linearized radiosity. 
a ’ > o = horizontal surface. 
is ve temperature, Fahren- p= pyrheliometer measurements. 
T = surface temperature, Fahrenheit plywood. 
absolute. = parapet. 
X = angle of incidence of the sun r = radiation. : 
with respect to a surface, de- R, = white roof section. 
grees. R. = green roof section. 
Z = azimuth angle, degrees. Po = south = 
sky = atmospheric mass. 
Greek Letters s = sun or solar. 
a= absorptivity, dimensionless. s = sheathing. 
8 = — dimensionless. t = thermal circuit element. 
o = Stefan-Boltzmann constant, W = west wall. 
0.173 xX 10-8, Btu per (hour) Abbreviations 
(square foot) (degree Fahren- Aer 
heit absolute)‘. J lw = long-wave radiation (also LW). 
7 = air temperature, Fahrenheit. sw = short-wave radiation. 
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wall glass temperatures run considerably higher than the measured values during 
the morning hours approaching the inside air temperature between 9:00 and 10:00 
a.m. On the other hand, the measured values approach the outside air tempera- 
ture. The peculiar increase in glass temperature observed beginning about 5:00 
p.m. was probably caused by direct rays of the sun coming in under the overhang 
from the west shortly before sunset. 


DIscUSSION AND CONCLUSIONS 


Examination of the test house thermal circuit and results of the first analogue 
solution (uncontrolled inside air temperature) reveals the potency of the recording 
equipment heat source in establishing the space temperature. This heat source 
was estimated at 1280 Btu/hr which would be sufficient to cause an air temperature 
rise rate of over 50 F per hr if no heat losses occurred. The major heat loss from 
the space during the day was through the floor, north wall, and south wall glass 
area. At night the greatest losses were due to heat transfer through the roof and 
the glass area. As one would expect, the insulated west wall was responsible 
for the least total heat los: from the space and the green roof section was responsi- 
ble for the greatest heat gain with the exception of the heat source in the house. 
The heat source due to diffuse radiation was not accounted for in the circuit at this 
time. It may be included by connecting the output of current generators to each 
of the inside surface potentials. It was estimated that the floor and north wall 
would absorb diffuse solar radiation at an approximate rate of 250 Btu/hr and the 
remaining surfaces together approximately 120 Btu/hr during theday. Additional 
solutions are planned for the future to determine the importance of this source. 

There appears to be a definite discrepancy in the predicted glass temperature 
(Fig. 9). Indications are that the outside glass surface resistances were much too 
large. Increased heat loss through the glass during the day (a more reasonable 
result) would have reduced the daytime inside air temperature prediction. 

In general, it may be stated that the predictions of the thermal behavior of the 
test house are good. All of the previous discussion simply points to the fact that 
the thermal circuit solution can only be as good as the representation of the actual 
physical system and the ability to evaluate quantitatively the circuit parameters 
and boundary conditions. The value of the thermal circuit technique of analysis 
lies in the ability to see the total picture at once and to estimate the importance 
of the separate influences. The electric analogue solution has demonstrated a 
high degree of flexibility and economy of effort in the rapid quantitative determi- 
nation of the influence of many variables on the behavior of a complex thermal 
system. 

For the first solution, actual heat fluxes across the various surface boundaries 
were not computed from the analogue data because the method of calculation could 
result in large errors. The heat flux across any inside surface boundary is deter- 
mined by taking the difference (a small number) of two relatively large quantities 
(surface and air potentials) measured above ground and dividing by the convective 
resistance. It can be shown that errors of as little as 1 percent in each of the tem- 
peratures involved in the computation of heat flux can result in errors of 100 per- 
cent or more for different surfaces and times involved in these studies. For the 
second solution, involving a constant inside air potential, the inside surface po- 
tentials were measured with respect to this constant value resulting in a much more 
accurate determination of heat fluxes. In addition, the measuring unit was modi- 


| 
| 
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| 
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fied to allow the expansion of the voltage range required over the full scale of the 
oscillograph. 

It is estimated that lumping errors, instrumentation errors, leakage errors, all 
put together can result in errors of the order of 5 percent in any one quantity com- 
puted. The greatest area of interpretation lies in the original postulates and the 
evaluation of circuit parameters. 

The studies described are the first phase in the application of electric analogue 
techniques to the determination of space heating and cooling requirements. Addi- 
tional studies currently being conducted and others planned for the future involve: 
(1) reduction of circuit elements (simplification of lumping); (2) determination of 
the importance of separate influences such as radiation inputs at the various inside 
surfaces, ventilation or heat sinks, inputs at the exterior surfaces due to solar and 
longwave radiation; (3) determination of the effectiveness of shading devices, high 
solar reflectivity paints, capacitance and/or insulation in different locations, and 
evaporative cooling of roofs in reducing the actual cooling load; (4) study of methods 
for including the influence of landscaping in the thermal circuit; (5) study of the 
effect of the physical variables on an occupant by introducing into the thermal 
circuit the network representing the human thermal system; and (6) the introduc- 
tion of equipment characteristics and control programming to the network. 
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APPENDIX A 
Representation of Boundary Conditions 


An energy balance at any exterior surface of the test house may be expressed by 


ot tiw — to To — bo 


1. SOLAR RADIATION INPUT 


The first term of the right hand member of Equation A-1 represents the net radiation 
exchange with the sun. The equivalent black body temperature of the sun is approx- 
imately 10,000 F, therefore, the net radiation exchange between the sun and wall sur- 
face is independent of the wall temperature for all practical purposes, and may be repre- 
sented as a heat input gs. 

The solar heat input consists of two parts: that due to direct solar irradiation and 
that due to diffuse solar irradiation. In its transmission through the earth’s atmosphere 
a fraction of the radiation is scattered by particles and air molecules and reflected back 
| toward earth as diffused radiation, a fraction is absorbed mainly by water vapor, carbon 
| dioxide, and ozone and the balance passes through as direct radiation. The reduction 
of direct solar radiation is a function of the length of path and conditions through the 
atmosphere. Therefore, solar irradiation of a surface on earth, normal to the sun’s 
rays would be expected to vary with the altitude of the sun at the particular locality 
and with the nature of the atmospheric mass in the path of the sun’s rays such as quan- 
tity and distribution of water vapor, clouds, dust particles, carbon dioxide, and other 
chemical constituents. Due to strong absorption by COz and H:0 beyond 2.3 uw and 
by O; at 0.29 w approximately 95 percent of the solar radiant power received at the 
earth’s surface is distributed between 0.3 and 2.5 uy. 

The total solar irradiation of a surface on earth oriented in any fashion may be repre- 
sented by 


(Hp)x Cos Xn + Fa, sky (A-2) 


{ when it is postulated that diffuse solar radiation is of uniform intensity over the hemi- 
sphere, and that solar radiation received due to reflection from the ground or other 
surfaces is negligible. 
The direct solar irradiation of a surface oriented in any fashion (the first term of the 
right hand member of Equation A-2) may be evaluated as follows: 


Let, 
Hs 

then, 

also, 

(Hp)p = (Hp)w CosXe « « 
where, 


v 
[ 
\ 
| 
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Combining Equations A-4, A-5, and A-6 and solving for (Hp) results in 


(Hp)o _ H,(1 — 8) 
= Cos (90 — hs) sin A -(A-7) 
therefore, 
_ H,(1 — B) 
(Hp)a = — 


The angle of incidence X may be found for any oriented surface any place on earth in 
terms of the sun’s declination and hour angle, and local apparent time!. 


Cos X, = sin ds sin 5p + cos 6, cos 6, cos (Q, — 150) . . . (A-9) 


where, 15 @ is the local hour angle of the sun, @ being given as hours after midnight. 
From the astronomical triangle, 


sin 6, = singsinh, + cos¢@cosh,cosZ, . . . . . (A-10) 


DATA POINTS FOR 
COMPUTED BY BRUNTS 
EQUATION: 

) 


—TOTAL (Hy) 


‘ / SOLAR 


| 
SOLAR DIRECT 


° 


SKY (Heyy) 


IRRADIATTION OF HORIZONTAL SURFACE, Btu/hr fr® 
8 
LAA 


° 2 4 6 a 10 12" 
TIME OF DAY (PST),hrs 


Fic. A-1. OBSERVED IRRADIATION OF A HORIZONTAL SURFACE FOR THE 24-HR 
PERIOD BEGINNING SEPTEMBER 8, 1953 
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and, 

_ cos hy sin Zp 

Substituting for cos X in Equation A-8 results in 


H,(1 — 8) 


dak [sin 6, sin 5, + cos 5, sin 6, cos (0, — 156)]. . .(A-12) 


(Hp)a 


For purposes of the electric analogue solution, Equation A-12 may be simplified by 
making the following approximations: 


Hy — constant for a 1 day cycle 


sin h, 
/ de 
Hy * Hy H, (at noon) 
sin hs Osus — Osur = 
8 = constant for a 1 day cycle. 
6, = constant for a 1 day cycle. 
6, = (6.)m or mean value for the particular day of interest. 


where, 


sus sunset. 
sur sunrise. 


On the basis of these approximations Equation A-12 may now be written 


(Hp)n = A + Boos — 150). . (A-13) 
where, 
Holl 8) gi 
_ H,(1 — B) 


For a horizontal surface Equation A-13 reduces to 


Hy 
sin 


Sin h, may be represented as a cosine function as follows: 
sink, = G— FoosiS@ .... +... (A-17) 


where 
{sin (hs) 12") cos 156.ur 


~ 1 + cos 156.ur° 


Equations A-13 and A-16 must be limited to only the time of day when the sun sees 
the surface. A function ¥(@) was used as a multiplier to modify these equations, ac- 
counting for sunrise and sunset by making 

y(0) = 1 for 5.6 < @ < 184 hr 

y¥(0) = 0 for 5.6 > 6 > 18.4 hr 
The function ¥(@) may also be used to account for fixed obstructions and/or shading 
devices. In addition, the equations must be limited to positive values. 

Equations A-13 and A-16 were evaluated using observed valtes of irradiation of a 
horizontal surface for the 24-hr period beginning September 8, 1953. Fig. A-1 presents 


| 
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the total irradiation of a horizontal surface and the separate contributions due to the 

solar and low temperature sources. The irradiation due to the sky (atmospheric mass) 

was obtained by taking the difference between the flat plate total hemispherical radio- 

meter and the Eppley pyrheliometer. Also shown are points computed by Brunt’s 

equation which expresses H,,, for a clear atmosphere as an empirical function of black 

body radiation at air temperature and water vapor partial pressure at ground level. 
The results of the calculations follow: 


Hy _ 
i (Hp)m = 302 Btu per (hr) (sq ft) 
B = 0.18 
6, = (63)m = 5° 42’ (Gurley Ephemeris, 1953 Edition) 
Our = 5.60 hr 
sus = 18.4 hr 
(hs)12" = 62.0 deg 
_ (0.883) (0.1045) _ 
therefore, G= T+ 0.1015, 0.0836 
0.883 
761008 
then, (Hp)o = (302) (0.82) [0.0836 — 0.799 cos 156] 
therefore, (Hy)o = 20.7 — 198 cos 150 


A summary of the calculation of Equation A-13 for the various exposed vertical surfaces 
is given in Table A-1. 


TABLE A-1. CALCULATIONS OF DIRECT SOLAR IRRADIATION OF EXPOSED 
VERTICAL SURFACES 


| ! 
| A B 
ExposEep SURFACE | Bru/(Hr) Bru/ (HR) | DEG Direct SOLAR IRRADIATION 
(sQ FT) (sQ FT) | (Hp), Bru/(HR) (se FT) 
West Wall..........| 0 246 270 — 246 sin 150 
Bast Wan......... 0 246 90 246 sin 150 
North Wall......... 17.88 138 0 17.88 + 138 cos 150 
South Wall......... zero, due to eave overhang 


The diffuse solar irradiation of a surface oriented in any fashion (the second term of 
the right hand member of Equation A-2) may be evaluated as follows: 


by definition (Hao = but 2 (H,)y 
sin As 


Combining Equations A-20 and A-17 
(Ha)o = (Hp)m BIG — Fcos15@] . . . . . . (A-21) 


Equation A-21 was applied to the vertical surfaces using a shape modulus of 0.5 for the 
unobstructed east and west surfaces with respect to the sky, 0.3 for the north wall due 
to partial obstruction by the parapet, and 0.3 for the south wall due to partial obstruc- 
tion by the eave overhang. A summary of the calculation of Equation A-21 for the 
various exposed exterior surfaces is given as follows: 


. 


> 
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Roof: (Ha)o 
West Wall: (Ha)w 
East Wall: (Ha)e 
North Wall: (Ha)nx 
South Wall: (Ha)s 


.55 — 43.4 cos 156, Btu per (hr) (sq ft) 
.28 — 21.7 cos 150 
.28 — 21.7 cos 156 


1.36 — 13.0 cos 158 


The solar heat inputs to each of the exposed exterior surfaces were finally established 
by summing the direct and diffuse irradiation, and reducing the sum in accordance with 
the fraction of incident radiation absorbed. One value of absorptivity representing an 
overall value covering the solar spectrum was used for both the direct and diffuse radia- 
tion components. The estimated solar radiation properties of the surfaces involved in 
this study are given in Table A-2. 


TABLE A-2. OVERALL SHORT-WAVE RADIATION PROPERTIES OF 
ExPosED SURFACES 


| 

| EMISSIVITY OR | TRANSMISSIVITY 
SURFACE ABSORPTIVITY (DiFFUSE) 
Exterior, buff color painted.................. 0.48 (Opaque surface) 
Green Rolled 0.88 | (Opaque surface) 
White Painted Roof Section Partially Dis- | | 

Standard 14 in. Window Glass............... 0.06 | 0.79 


The solar heat input equations in thermal units are then converted to current inputs, 
the analogous electrical quantity, by multiplying each equation through by the scale 
factor, ean The voltage input to the current generators which will result in the 
correct current outputs are determined by 


where, 


Rx = the external feedback resistor of the current generator. 

A summary of the solar heat and current input equations and the current generator 
voltage inputs follows. Note that the voltage inputs are all negative values because 
the current generator input and output are 180 deg out of phase. 


West Wall 
(q./A)w = 1.094 — 10.42 cos 158 — y(@) 118 sin 150, Btu per (hr) (sq ft) 
(ts)w = 0.00581 — 0: = cos 150 — y(@) 0.627 sin 158, ma (milliamperes) 
for Rx = 146,000 ohms 
(€in)w = 0.848 — 8.09 cos 156 — (6) 91.5 sin 150, volts 


East Wall 
(q./A)ze = 1.094 — 10.42 cos 154 + y(@) 118 sin 150, Btu per (hr) (sq ft) 
(ts)e = 0.00581 — 0.0554 cos 156 + y(@) 0. 627 sin 156, ma 


for Rx = 146,000 ohms 
(€in)z = 0.848 — 8.09 cos 150 + ¥(@) 91.5 sin 150, volts 


North Wall 


(qs/A)n = [8.58 + 66.2 cos 150] ¥(6) + 0.652 — 6.24 cos 150, Btu per (hr) (sq ft) 
(is)w = [0.0676 + 0.521 Nog 156] ¥(@) + 0.00513 — 0.0491 cos 158, ma 
= 167,000 ohms 
(€in)n = [11.29 + 87 Or vibe 156] v(8) + 0.856 — 8.20 cos 156, volts 


=4 
= 2 
= 1.36 — 13.0 cos 150 
— 
| 
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White Roof 


(qs/A)ri = 10.1 — 96.5 cos 150, Btu per (hr) (sq ft) 
(is)R: = 0.0458 — 0.437 cos 150, ma 
for Rx = 200,000 ohms 
(€in)R1 = 9.16 — 87.4 cos 158, volts 


Green Roof 
(qs/A)r2 = 22.2 — 212 cos 150, Btu per (hr) (sq ft) 
(ts)n2 = 0.1221 — 1.166 cos 150, ma 
for Rx = 75,000 ohms 
(éin)Re = 9.16 — 87.4 cos 158, volts 


South Wall 
(qs/A)s = 0.652 — 6.24 cos 150, Btu per (hr) (sq ft) 
(is)g = 0.00278 — 0.0266 cos 156, ma 
for R, = 188,000 ohms 
(€in)s = 0.523 — 5.00 cos 158, volts 


Window Glass (South Wall) 


(qs/A)q = 0.0816 — 0.780 cos 154, Btu per (hr) (sq ft) 
(ts)g = 0.000295 — 0.00282 cos 150, ma 
for Rx = 1.75 meg ohms 
(eine = 0.523 — 5.00 cos 158, volts 


A solar input circuit shown in Fig. A-2 was devised to solve the solar heat input equa- 
tions delivering a time-variable current proportional by the proper scale factor to the 
incident solar radiation absorbed by each surface. 

The current generators are connected to the network through a switching circuit, 
shown in Fig. A-3. Through the switching circuit, each current generator input termi- 
nal may be connected to either ground or an input potential. When the current gen- 
erator inputs are grounded the output of any current generator, selected through a 
switch, is connected to ground through a microammeter, the other generator outputs 
being connected directly to ground. Thus, the current generators may be rapidly 
checked for balance before a solution is obtained. Switching to the operate position 
connects all generator input terminals to the input potential signals and the output 
terminals to the proper point in the R-C network. 

The input functions were measured by means of d-c amplifiers and recording oscil- 
lographs. Fig. A-4 presents reproductions of the solar inputs recorded on tapes. 


2. Low TEMPERATURE, LONG-WAVE RADIATION EXCHANGE AT OUTSIDE SURFACES 


The second term of the right hand member of Equation A-1 represents the net long- 
wave radiation exchange between an exposed exterior surface and the surroundings. 
This involves radiation exchange with the atmospheric mass, the ground, and other 
objects that see the surface. The roof of the test house exchanged long-wave radiation 
with the atmospheric mass only; the east and west walls with the ground and atmosphere; 
the north wall with the ground, parapet, and atmosphere; and the south wall with the 
ground, eave overhang, and atmosphere. 

The only important thermal emitters in the clear atmospheric mass are water vapor 
and carbon-dioxide. As an approximation, these gases may be thought of as being 
emitters or absorbers over spectral bands of finite width. Bands of importance for 
water vapor exist at wave lengths of approximately 2.6 u, 6.3 uw; and at a series of wave- 
lengths greater than 18 yw. Carbon-dioxide has important emission bands at approx- 
imately 4.3 w and 15 uw. The peak emission of the other radiators in the surroundings 
such as the ground and buildings occurs at approximately 9.5 u. For the purposes of 
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this investigation the long-wave radiation exchange resistances are based on overall 
long-wave radiation properties given in Table A-3. 

It is apparent that a single long-wave radiation potential of the surroundings for all 
of the exposed surfaces does not exist. Separate surroundings potentials might be de- 
fined for each surface where the surroundings are similar. This would have required 
a potential for the roof sections corresponding to an equivalent sky temperature; a 
potential for the east and west walls corresponding to some mean temperature of the 
sky and ground; a potential for the north wall corresponding to some mean temperature 


TABLE A-3. OVERALL LONG-WAVE RADIATION PROPERTIES OF 
EXTERIOR SURFACES 


| Lonc Wave Emissivity 


SURFACE | OR ABSORPTIVITY 
Ground (Roof of Engineering Building)...................... 0.90 


of the sky, ground and parapet; and a potential for the south wall corresponding to some 
mean temperature of the sky, ground, and eave overhang. Each of these potentials 
would be time-variable quantities. To simplify this complex situation a single time- 
variable potential corresponding to a specified fraction of the ambient air temperature 
was used as a first approximation and the radiation resistance for each surface was 
calculated accordingly. It was not feasible to use the air temperature as the potential 
because that would have resulted in a net energy transfer to the surfaces at night when 
in reality there was always a net loss to the surroundings. Without substantial justi- 
fication, it was decided to assume the long-wave potential (ti) as being equal to a con- 
stant fraction of the air temperature where the fraction was equal to the ratio of equiv- 
alent sky temperature to air temperature at 12 noon. Thus, 


— (te) 12° 


tiw = (ro) 12" To- 


(A-23) 


Each of the long-wave radiation resistances for any surface m were defined as follows: 


aes vate = Net long-wave exchange for surfacen. . . . (A-24) 
To/n 


The radiation resistance, (Rro)a, determined for each exposed surface represented a 
mean value based on calculations for 12 noon and 12 midnight. A summary of the net- 
exchange equations is given as follows: 


West Wall 
= Awl Fwety(aiw)wHeky + Fweleiw)g(aiw)woT gt 
East Wall 
North Wall 


— (aiw)noTn‘ 


i} 
t 
| | 
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South Wall 
(qr)s = + + 
— (aiw)soTn‘ 
Window Glass (South Wall) 


— (aiw)aoTo 
Roof 
White: = — 
Green: = Aral — Re] 
where 


Frweky and Fesky = 0.50 

Frety, Fegsky, and Fasky = 0.30 
Fwe, Fre, Fog, and Fog = 0.50 

Fxyp = 0.40 and Fgn = 0.20 


A summary of the long-wave radiation resistances is given in Table A-4. 
Glass was considered to be opaque to long-wave radiation. 


3. CONVECTIVE EXCHANGE AT OUTSIDE SURFACES 


The third term of the right hand member of Equation A-1 represents the convective 
exchange between the exposed surfaces and the air mass. The air potential (7.) was 
assumed to be the same for all surfaces and equal to the air temperature actually meas- 
ured during the test period. The convective resistances were evaluated by using the 
simplified forced and free convection equations for air flow past flat plates summarized 
in THe GumpE. The values of conductance obtained from these equations were ad- 
justed to account for the roughness of the real surfaces. For a given surface in air, the 
convective resistance is influenced mainly by the air velocity over the surface making 
it variable with time. 

During September, at the test house location, the wind generally blows inland from 
the ocean or westerly at approximately 1 to 10 mph reaching a peak in mid-afternoon 
(3:00 to 4:00 p.m.). For all hours before about 9:00 a.m. and after 8:00 p.m., the air 
velocity remains low—of the order of 1 mph and the direction during the night is toward 
the ocean or from the east. Assuming an air velocity of approximately 500 fpm (5 to 
6 mph) which was about the average measured on September 8, 1953, an average con- 
ductance spacewise, based on parallel turbulent flow over flat rough surfaces is approx- 
imately 2.0 Btu per (hr) (sq ft) (F deg). During the night when the convective losses 
were substantially by free convection and laminar flow, a value of 0.70 Btu per (hr) (sq 
ft) (F deg) was estimated for the vertical walls and 1.0 Btu per (hr) (sq ft) (Fahrenheit 
degree) for the roof. Because the house itself acts as an obstruction with respect to 
flow over the east wall during the day and the wind shifts from west to east during the 
night, an average value of conductance, 1.35 Btu per (hr) (sq ft) (F deg) was used for 
the east wall. 

Convective resistance is defined as the driving potential required per unit heat flux, 
or, 


By Newton’s Law of Cooling 


‘ 
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A summary of the outside convective resistances for the various surfaces is given in 
Table A-4. 


4. CONVECTIVE EXCHANGE AT INSIDE SURFACES 


The air movement within the enclosed space was of the order of 10 fpm or less. The 
conductances were estimated on the basis of free convection. Fora particular location, 
free convection conductances are mainly a function of surface geometry and orientation 
within the air mass, and temperature difference between the surface and fluid. The 
variation in temperature differences for the inside surfaces and air mass are not large 
and furthermore hf varies approximately as (AT)°-*5. Therefore, the inside surface 
conductances were considered to be constant for the 24 hr cycle and equal to the fol- 
lowing values: 


he (for vertical surfaces) = 0.50 Btu per (hr) (sq ft) (Fahrenheit degree). 
ha (for horizontal surfaces facing down) = 0.30 Btu per (hr) (sq ft) (Fahrenheit degree). 
he, (for horizontal surfaces facing up) = 0.60 Btu per (hr) (sq ft) (Fahrenheit degree). 


A summary of the inside surface convective resistances in thermal and electrical units 
computed in accordance with Equation A-27 is given in Table A-4. 


5. HEAT SOURCES AND SINKS 


Heat sources and sinks representing heating and cooling devices, infiltration or leak- 
age, transmitted radiation and electrical appliances can be readily incorporated in the 
thermal and electrical analogous circuits. In this investigation the recording instru- 
ments located in the test house were a significant heat source of approximately 375 
watts or 1280 Btu per (hr). This required a constant current source of 0.080 milli- 
amperes connected to the inside air capacitor. The required external feedback resistor 
required with a constant current generator input of 23.5 volts was found to be 294,000 
Q by Equation A-22. 

Time variable heat sources such as the transmission of direct solar radiation can be 
included by connecting current generators to the irradiated surfaces and providing them 
with the appropriate inputs, similar to the treatment of solar inputs to exterior surfaces. 
Diffuse solar radiation transmitted by the south windows was neglected in this study. 
Infiltration was also considered negligible. 


APPENDIX B 


Calculation of Circuit Parameters 
The calculation of the conduction path resistances and capacitances will be sum- 
marized in this Appendix. 
1. THERMAL RESISTANCES 


The Fourier law of heat conduction for unidirectional flow is given as 
dt 


where, 
dq = heat flux in x-direction. 
k = thermal conductivity. 


f 
{ 
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dA = elementary area perpendicular to heat flow. 
dt 
=? temperature gradient in the x-direction. 


For the temperature gradient, thermal conductivity, and heat transfer area constant 
over a path length (/) and the temperature uniform over an area (A) at any point along 
the conduction path, Equation B-1 may be written as 


By definition, thermal resistance is the driving potential (temperature) per unit heat 
flux, 


l F deg 


In evaluating the conductive resistances of the test house circuit: 


1. For each material involved an average value of k for the temperature range ex- 
pected was used; 

2. An effective value of k was used for the insulation material; 

3. For the rolled roofing material where no definite value of thickness was known, 


l 
4. Resistance through air space was determined on the basis of equivalent conduct- 
ance. 
The values of thermal conductivities and conductance for the materials involved in 
this study are given in Table B-1. A summary of the conduction path resistances for 
all sections of the circuit are given in Table B-2. 


k 
values of conductance (« = i) based on nominal thickness, were used; and, 


2. THERMAL CAPACITANCE 


Thermal capacity, or the heat necessary to cause unit change in temperature of the 
mass involved may be defined as 


[eva 


te — tj 


where, 


Q = thermal energy required to raise the temperature of a given mass from f¢; 
to tr. 


If the unit heat capacity cp and the density (y) are constant over the temperature in- 
terval considered or if appropriate mean values of these quantities are used, Equation 
B-4 may be written as 


where 


1 = the length and A is the area of a particular lump. 


Values of unit heat capacity and density for the materials involved are given in 
Table B-1. A summary of the conduction path capacitors is given in Table B-3. 


. . (B-4) 
t 
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APPENDIX C 
Radiation Exchange Network Within the Test House 


Low temperature, long-wave radiation exchange occurs within any enclosure, such 
as the inside of the test house, between all surfaces and objects that ‘‘see’’ each other. 
A radiation exchange network accounting for direct radiation exchange and all inter- 
reflections between (m) surfaces will be derived on the basis of the following postulates; 


i. All surfaces are opaque with respect to long-wave radiation. 

2. All surfaces are diffuse emitters and reflectors. 

3. The intervening media is non-absorbing. 

4. All surfaces have a uniform temperature and radiosity. 

5. The radiation properties of all surfaces are independent of wavelength over the 
spectrum considered (grey surfaces). 


The net radiant energy exchange at a particular surface boundary (i) may be expressed 
as the difference in energy absorbed and emitted or as the difference in incident energy 
and radiant flux leaving the surface. Thus, 


and 
Combining Equations C-1 and C-2 results in 


Pi 


(Qnet) 


Applying the resistance concept to Equation C-3 we obtain 


Ri -— Wi Pi C-4 
(Rr) (Qnet) i Aig 


and 


We may obtain another expression for the net radiant energy transfer at surface bound- 
ary (i) by determining the value of HjA; in Equation C-2. 


n=m 


n=1 
where 
n=m 
p RaFin = the summation of radiant flux leaving all surfaces that see surface 
n=1 
(i) and is incident on surface (i). 
Then 
n=m 


n=1 


| 
| 
| 
| 
| 
| 
| 
| t 
| | 
| 
| 
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Again applying the resistance concept to Equation C-7 we obtain 


n=m 
Ra Rj 
n=1 in 
where 
FinAi 


also, by the law of reciprocity 


Note that Equations C-5 and C-8 describe an energy balance at a node in a resistance 
network. For example, radiation exchange at the it* surface may be represented by 


R where Wj and Ri, 
2 Ri, R2, Rs... 
Ry-1, Ra are potentials. 


Rs 


Ra-1 


W, 


.(C-11) 


An equation similar to Equation C-11 may be written for each of the m surfaces result- 
ing in a closed resistance network representing the system of (m) radiating surfaces. 
It is apparent that the potentials at each node of such a network are proportional to 
T‘. In order to insert such a network into the thermal circuit representing the con- 
duction paths of the test house, it would be desirable to adjust the resistors so that a 
first power temperature potential at each of the (W) nodes would result in the same heat 
or current flow through all of the resistors. To determine the proper adjustment to 
make in each resistor let us consider a path through the network between Wj; and Wa. 


Then 


Wi-— Wa 
CR R 


sum of all resistors between Wj and W,. 
the adjustment in resistance to linearize the potential. 


Ry 
Aié 
W; 
Ri 
An energy balance at R; would result in 
R-W, 
asi 
Ai AiFis 
where, 
C= 
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Solving for C results in 


on >. 
but, Wi = eo7T;4 and Wy = exoTa*. If the value of emissivity is the same for ail sur- 
faces 


A good approximation for small differences in temperature is 
Ti4 — Tat = 4(ti — ta)tav?. 
1 


4eoT 


Then . (C-14) 


and the network previously shown may be replaced by a network with linearized po- 
tentials. 


Ry’ 
e 
4A 
ti R;’ 
R; 


4A; FineoT to 


Radiation exchange within the test house was represented by a similar resistance net- 
work applied to 8 surfaces and is shown in the thermal circuit diagram for the test 
house in Fig. 3. 

The shape moduli required to evaluate the network resistors involved only finite 
rectangular areas contained either in parallel or perpendicular planes in accordance 
with dimensions given in the schematic sketch of Fig. 2. ‘These factors were computed 
with the aid of equations and charts in references given below*. An average surface 
temperature of 544 Rankin and an emissivity of 0.90 was used in the evaluation of the 
network resistances. A summary of the shape moduli and network resistances is given 
in Tables C-1 and C-2. 


* Panel Heating and Cooling, by B. F. Raber and F. W. Hutchinson (John Wiley & Sons, Inc., New York, 
1947). Radiant-Interchange Configuration Factors, by D. C. Hamilton and W. R. Morgan (TN2836, 
NACA, December 1952). 
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TABLE C-1—SUMMARY OF SHAPE MODULI FOR INSIDE RADIATION 


EXCHANGE NETWORK 


Fwe 0.100 Few 0.100 Frw 0.135 Fyw 0.145 
Fwn 0.215 Fen 0.195 Fre 0.135 Frye 0.132 
Fws 0.155 Fes 0.156 Frys 0.083 Fxs 0.099 
Fwe 0.0604 Frc 0.059 Fra 0.121 0.101 
Fwri 0.089 Ferri 0.089 Frri 0.157 Fyr: 0.180 
0.146 0.146 Frre 0.163 0.080 
Fwr 0.255 Fer 0.255 Fen 0.204 Fyr | 0.260 
TOTAL 1.02 TOTAL 1.00 TOTAL 1.00 TOTAL 1.00 
Friw 0.104 Frow 0.141 Fun 0.183 Fen 0.221 
0.104 0.141 Fsw 0.193 Faw 0.089 
0.312 Fron 0.115 0.194 For 0.148 
Fris 0.032 Ros 0.207 SF 0.195 For 0.338 
Fria 0.062 R2G 0.088 Fsri 0.034 Feri 0.078 
Friro 0.000 Frori 0.600 Fsr2 0.266 GR2 0.135 
Frur 0.347 Fror 0.298 0.000 GS 0.000 
TOTAL 0.96 | Torat | 0.99 | 1.06 Tora, | 1.01 


TABLE C-2—SuUMMARY OF INSIDE RADIATION EXCHANGE NETWORK RESISTANCES 


F DEG F DEG F DEG 

1000 — 1000 1000 

(Bru/HR) OxuMS (Bru/HR)| OnMs (Bru/HR)| 
(Rw)e | 0.001307 20.9 Rwn 0.0546 875 Rys 0.0803 | 1284 
(Re): 0.001307 20.9 Rws 0.0759 | 1213 Rye 0.0787 | 1260 
0.000881 14.1 0.1950 | 3120 Ryr 0.0386 617 
(Rs)r 0.001627 26.0 Rwr 0.0461 737 Rwri 0.0441 705 
(Re) 0.001930 30.8 Rwri | 0.0805 | 1289 Rwyre 0.0994 | 1590 
(Rri)r | 0.001529 24.4 Rwr: | 0.1320 | 2110 Ren 0.0601 962 
(Rro)r | 0.001276 20.4 Rwe 0.1177 | 1880 Reri 0.1105 | 1770 
(Rr): 0.000690 11.03 Rer 0.0460 735 Rer2 0.0815 | 1303 
Rrs 0.0750 1200 Rea 0.1173 | 1880 Res 0.0755 | 1208 
Rsri 0.43 6880 Rra 0.0515 824 Rric 0.223 3570 
Rsrez 0.0550 880 Rrri 0.0396 634 Rroc 0.129 2060 

| 0 .0382 611 


SUPPLEMENTARY NOMENCLATURE 


Fy. = shape modulus defined as the fraction of radiant energy leaving surface 


(1) and incident on (2), dimensionless. 


h = unit thermal conductance, Btu per (hour) (square foot) (Fahrenheit 
degree). 

k = thermal conductivity, Btu per (hour) (square foot) (Fahrenheit degree 
per foot). 
length, feet. 
partial pressure, inches Hg. 


l => 
p = 
R = thermal resistance, Fahrenheit degree per (Btu per hour). 


| 
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V = volume, cubic feet. 
W = radiant flux density oi radiant energy emitted per unit time, per unit area, 
Btu per (hour) (square foot). . 
x = spatial coordinate in the direction of heat flow, feet. 
Greek Letters 
8 = fraction of diffuse solar radiation (#2), dimensionless. 
Pp 
= mass density, pounds per cubic foot. 
6, = declination of the sun, degrees. 
62 = declination of the normal to a surface, degrees. 
0, = hour angle of the normal to a surface, degrees. 
\ = wave length, microns (yz). 
p = reflectivity, dimensionless. 
7 = transmissivity, dimensionless. 
= latitude. 
ut = Microfarads 
Subscripts 
T = total. 
w = water vapor. 
Superscript 
n = noon. 
Abbreviations 
sur = sunrise. 
sus = sunset. 
pot = potentiometer. 


DISCUSSION 


S. F. GmMAN, Syracuse, N. Y. (WRITTEN): Considering all the variables involved, 
the analogue predictions are in reasonable agreement with the experimental results. 
The heat from the instruments is so great that there probably is a considerable net 
heat flow outward. This, together with an indoor temperature swing of 35 deg, is far 
from representative of a practical installation. It appears important that tests also be 
conducted with the room temperature controlled at a constant value. The additional 
studies planned do not appear to include such tests; it is suggested that cooling equip- 
ment be added for this important purpose. 


With a 35 F indoor temperature swing, considerable heat could be temporarily stored 
in such places as the instrument casings and thereby introduce an unaccounted-for time 
lag. If the thermal storage capacity of the instruments is a significant amount, ap- 
propriate resistances and capacitances should be added to the equivalent electrical cir- 
cuit. In Fig. 5, the solar energy absorbed by the green roof is much greater than that 
absorbed by the white roof. Could lateral heat flow from the green to white sections 
be of sufficient magnitude to warrant insulating their joining planes? 

It would be of interest to know how many days of tests were conducted before this 
set of data was obtained. Our experience in Syracuse is that days on which the outdoor 
air temperature has the same value at the beginning and end of a 24-hr period are very 
rare indeed. The author has been fortunate in obtaining an outside temperature that 
is truly periodic. Moreover, the measured values in the illustrations also show re- 
markable periodicity. Could the curves of Fig. 7 be inadvertently interchanged? It 


‘ 
. 
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is noted that the analogue predictions are as much as 5 deg from periodic, whereas the 
measured curve is precisely periodic. I would expect the analogue to yield similar 
initial and final values. 

It would have been of considerable value to calculate the load curve by available 
procedures in THE GUIDE and superimpose it on Fig. 11 for comparative purposes. 
In addition, I would like to urge the author to obtain the average hourly load from the 
sensible load curve for the structure. By introducing this into the analogue, it should 
be possible to determine the resultant variation in indoor temperature. 


Cart F. Kayan, New York, N. Y. (WRITTEN): Analysis of the different components 
in the chain of thermal links between heat source and receiver has in the past 15 years 
been reported in the Society, as one approach, with analogy as the tool. This has been 
by electrical analogy primarily, though to a lesser extent, also by hydraulic, and for both 
steady-statet and unsteady-state (transient){ conditions. 

The present paper is a very commendable contribution in the analysis of a major 
group of structure components, particularly on a transient basis. It is refreshing to 
have this analysis matched by experimental determination of the load variation of the 
equivalent physical structure, and we should all be grateful for the real progress that 
this paper evidences. My compliments to the author. 

I should like to add to the further understanding of this general problem and have 
the following comments. 

Ultimately the heat received within a cooled enclosure must be absorbed by some form 
of refrigerating equipment. The resultant association of a load structure, with all that 
it entails, with a refrigerating plant, we might term a Cooled-Structure Complex. Analy- 
sis of the total system, involving not only the behavior of steady-state loads as well as 
transients, and likewise the performance characteristics of the refrigerating plant ab- 
sorbing the loads, presents a still further advanced, yet more complicated problem. It 
must be remembered that the refrigerating plant itself is a complex arrangement of heat 
transfer components coupled to an energy transport device, or heat pump, such as the 
compressor, with all its operating characteristics added in. 

A simplified version of a cooled-structure complex may be seen in Fig. A, and involves 
simulation of the transient load variation with time. This has been developed as an 
element in a resistance network, and as such parallels the perhaps better known re- 
sistance-capacitance arrangement. Use of the resistance network in the analogger 
study facilitates the combination of the structure load with the refrigerating system. 
Simplifying assumptions, so often necessary in a pioneer development, are found ex- 
pedient. Idealized performance for the sake of clarification is assumed, although cor- 
rections to account for the performance of real equipment may be made. The essential 
purpose is to develop further tools for electrical analogue operations. 

Let us consider a cooled-structure complex consisting of an insulated structure with 
various heat loads, internal-space heat transfer equipment, and a refrigerating plant 
composed of its different essential elements. The heat load to be absorbed by the re- 
frigerating plant consists of the wall leakage coupled with the infiltration load, an in- 
ternal load of electrical power and lights, and the heat given off by a material mass 
brought in from the outside. The first 2 may be regarded as of steady-state nature 
(the wall assumed to be of negligible heat capacity), and the last, of unsteady-state 
(transient) nature and representing a load of warm material cooled transiently from 
the outside temperature down to the space temperature within the structure. 

The total load to be absorbed by the refrigeration plant through the evaporator, plus 
the machine input energy to transport it to the higher condensing temperature, must 


+ Effect of Floor Slab on Building Structure Temperatures and Heat Flow, by C. F. Kayan (ASHVE 
TRANSACTIONS, Vol 53, 1947, p. 377), an 

Electric Analogger Studies on Panels with Imbedded Tubes, by C. F. Kayan (ASHVE TRANSACTIONS, 
Vol. 56, 1950, p. 205). 

t a gr Analogue for the Solution of Problems of Sheena Storage, Radiation and Convection, 
by C. S. Leopold (ASHVE TRANSACTIONS, Vol. 54, 1948, p. 389 


ny 
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ultimately be liberated in the plant condenser. The performance of the condenser 
depends on its heat-transfer conductance, the temperature difference between the con- 
densing temperature and the coolant inlet temperature, and the coolant conditions of 
flow-rate and specific heat. Thus, for given conditions of condenser operation, the con- 
densing temperature will depend on the hourly heat-flow rate to the condenser. In 
addition, the actual performance of the refrigerating system will depend on the com- 
pressor displacement, the effect of the necessary pressure difference on the volumetric 
efficiency, and the need of the condenser and the evaporator to adjust their operating 
temperatures to the imposed heat-transfer loads. 


We 
ms EXTERNAL AIR TEMPERATURE AT to 
Y a4) 
71] INSULATED STRUCTURE 
Sty COOLED SPACE AT tj 
REFRIGERANT é 
CIRCUIT Loans: 4 
WALL LOSS,q,,* flaty) 
VALVE 4 
TRANSIENT BODY: 
Vp = f(time) 4 
' AIR-COOLER ZZ 
(EVAPORATOR) 
J 
COOLED AIR CIRCUIT 


Fic. A. SIMPLIFIED VERSION OF A COOLED-STRUCTURE COMPLEX 


It is apparent that the performance of this total plant system is a complex problem, 
and one difficult to forecast. The method of the electrical analogue analysis proves 
useful, in that the performance of different components may be interpreted in terms of 
their respective resistances and temperature differences. The basis for this approach 
was established in an earlier paper*. 


In the present analysis, the structure thermal circuit components that channel heat 
to the evaporator are superimposed on the refrigerating system. In addition to the 
steady-state loads, there is the transient hot-body load, and this has a temperature- 
time characteristic. This can be set up in terms of its initial temperature difference 
relative to the cooled-space temperature, and an equivalent transient heat-transfer 
resistance, such to give the liberation-energy flow rate as a function of time. Fig. B 
depicts this. Thus the total structure heat load to be dissipated to the evaporator (air- 
cooler) will additively consist of the wall plus infiltration load, the constant internal 


* Electrical Analogger Application to the Heat Pump Process, by C. F. Kayan (ASHVE TRANSACTIONS, 
Vol. 59, 1953, p. 361). 
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load, and the product contribution (transient); collectively they can be shown as a 
function of time, somewhat similarly as shown in Fig. 11 of the author’s paper. They 
sum up as a time-temperature variation for the evaporator heat load, which means 
that the internal space temperature will likewise vary with time, and this is illustrated 
in Fig. C. 

To repeat, Mr. Buchberg’s paper makes a real contribution in furthering the estab- 
lishment of internal structure performance characteristics which in the future should 
be useful in the prediction of the performance of the overall system-complex of load 
plus its air conditioning plant. 


THERMAL RESISTANCE , THOHMS 


Rip» 


ELAPSED TIME 


Fic. B. TypicAL VARIATION OF TRAN- 
SIENT Bopy RESISTANCE AS A FUNCTION 
OF TIME 


H. T. Gmkey, Cleveland, Ohio, (WRITTEN): It is extremely interesting to see this 
report of an application of the thermal circuit analogy to an actual structure, and to 
learn of the excellent results shown by the comparison of predicted and measured re- 
sults. 

Unfortunately, the prediction of the diurnal variation of sensible air conditioning 
load necessary to maintain a constant air temperature (Fig. 11) is little more than an 
expansion of previous analyses. It does, however, provide an analysis of a building 
which has walls which are not homogeneous and which contain air spaces. Further, 
the study considers the loads for an entire building. The results indicate that the 
analogue is a powerful tool with this type of construction. 

In the reporting of future work, it is hoped that the authors will be able to refrain 
from attaching more than one meaning to any one symbol or subscript. It is also to 
be hoped that such quantities as heat flux will be identified more precisely as to direction 
of flow, #.e. into or out of the building. 

The wisdom of neglecting the reflection from the parapet north of the building can- 
not be questioned so far as the study reported is concerned. The effect of this reflec- 
tion is shown in Fig. 9 and it would be advisable to reconsider the neglecting of this 
and certain other simplifying assumptions for studies in which the building was to be 
cooled. An indication of the importance of reflections from nearby surfaces was found 
in Warm Air Heating Research Residence No. 3 at the University of Illinois. Experi- 
ence there showed maximum exterior surface temperatures on the north wall of from 4 
to 10 deg higher than the outdoor air temperature at that time. Furthermore, these 
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maxima occurred before the occurrance of the maximum outdoor-air temperatures. 
This was attributed to reflection from a white frame house located approximately 25 
ft north of the residence. 

Other simplifications which might be reconsidered are that negligible infiltration exists 
and that existing moisture transfer is small. Both of these factors are virtual un- 
knowns so far as heat gains are concerned. It would be a great contribution if, by use 
of the circuit analysis, we could evaluate both infiltration and moisture loads. There 
is reason to believe that evaporation of stored moisture contributes to the so called fly 
wheel effect, and comparisons of circuit analyses with experimental results could point 
the way to more accurate estimation of this effect. 
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Fic. C. VARIATION OF COOLED-STRUC- 
TURE SPACE TEMPERATURE AS A FUNC- 
TION OF TIME 


In addition to the future studies mentioned, it is to be hoped that consideration will 
be given to studies with a constant indoor-air temperature and to studies with a cooling 
unit of essentially constant capacity, such as those used in residential installations. 
In the case of the constant indoor-air temperature study, it should be possible for con- 
tinuous records to be kept of the rate of heat removal from the space as well as to heat 
gains from instruments and similar sources. Furthermore, separation of latent from 
sensible heat removal should be possible in both cases. 


PRESTON MCNALL, Hopkins, Minn. (WRITTEN): The author has done valuable work 
in presenting the complete picture of this complicated thermal problem. I feel that the 
electric analogue presents the best possibility for the accurate and economical solution 
of the thermal storage problem. It is to be hoped that work of this type can establish 
the validity.of the analogue design principles so that a larger program to obtain practical 
design information can be started. If the analogue validity can be established, then 
work can be undertaken without the necessity of checking it on full-scale models. When 
that point is realized, the vast variety of construction combination making up our 
homes, offices and factories can be analyzed to provide useful design information, not 
only for cooling but for heating or process work as well. 

Our electric analogue of a house, heating system and control system is now nearing 
completion here at our Research Center and preliminary tests indicate that adequate 
accuracy can be obtained on fairly simple circuits representing wall sections and roofs. 
The simplicity and economy of working with a handful of resistors and condensers to get 
basic transient conditions on a wall section compared to testing a full-scale model is 
obvious. 

The author states that more work should be done on reduction of circuit elements by 
simplification of Jumping. If the thermal circuit equations are to be solved numerically, 
the further simplification is attractive. For an analogue designed for this type of work 
simplification is of much less economic importance. If the analogue is to be subjected to 


1 
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different temperature frequencies less of accuracy accompanies any further simplifica- 
| tion. I would like to suggest future work on distributed RC transmission lines 
for analogue work rather than Jumped elements. 


F. R. O’BriEn*, Birmingham, Ala.: Mr. Buchberg has presented another example 
demonstrating the value and the power of the electric analogue method in the study of 
heat flow problems. 

While the basic structure upon which he has based his problem is a simple one, the 
relationship of the factors considered is indeed complex; complex enough to make the 
direct computation of the effects of changing outside temperature and variable solar 
load a laborious task. 

The possibilities of the analogue computor as a design tool are apparent. The in- 
herent value of a device of this type lies in its ability to consider rapidly the effects of 
changing one or more boundary variables, and to present solutions in a manner easily 
interpreted. 

Mr. Buchberg correctly points out that experimental studies of the thermal behavior 
of full scale systems are costly. He may well have added that they are usually in- 
adequate in obtaining all the data that the experimenter finally realizes he needs for 
complete interpretation of his results. With the electric analogue the thermal circuit 
can be added to conveniently and quickly to furnish all the data that may be needed. 


G. V. PARMELEE, Cleveland, Ohio (WRITTEN): Mr. Buchberg’s excellent paper 
demonstrates again how complete thermal systems can be diagramed and analyzed. 
It is a further step toward the goal of making the use of thermal-circuit techniques com- 
monplace in analyzing the thermal behavior of buildings and in determining the proper 
capacity and responsiveness of cooling and heating systems. 

When Dr. Nottage first proposed the application of thermal circuit techniques to 
load estimating and other problems of interest to air-conditioning engineers, some 
people confused, and perhaps still do, the thermal-circuit concept with the electrical 
analogue method of solving thermal circuits. Therefore, I think it is worthwhile at this 
time to emphasize that the thermal circuit shown in Fig. 3 of the paper diagrams a 
thermal system consisting of an entire building, with its thermal resistances and ca- 
pacitances, interconnected with its environment and various heat sources and heat 
sinks. In this particular case the figure is also the circuit diagram of the tool used to 
solve it, namely an electrical analogue. 

Some of the idealizations made in representing the real system by the circuit diagram 
are subject to discussion. However, Mr. Buchberg’s work demonstrates a particular 
advantage, among others, of the electrical analogue method of solving circuit problems 
in that a thermal system can be represented in considerable detail without making the 
circuit become more difficult to solve, as would be true if some other methods were used. 
For example, the non-homogeneous wall construction has been represented in good de- 
tail. Other work to be reported is of practical importance in that it will show to what 
extent simplifications can be made consistent with good accuracy in the results. This 
should provide guidance in setting up other problems. 

The importance of taking into account the effect of all of the heat-storing capacity 
of structures and their contents in designing cooling—and heating—systems is now well 
known. Except in special cases, however, the circuit analysis technique, which pro- 
vides the means of doing this, is too time taking for general use. Hence, systematic 
series of problems need to be solved from which practical-use engineering data can be 
derived. The economic importance of this is such that this phase of the Society’s re- 
search program should be activated as soon as possible. Strong support from the air- 
conditioning industry is essential to carrying out such a program. From the experi- 


* Director, Southern Research Institute. 
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ence and reports to date of workers in the field of thermal circuits, it now seems clear 
that the electrical analogue method of solving thermal-circuit problems would be most 
economical of time and money in such a program. 

I have several comments on the paper itself as follows: 


1. With respect to each set of plotted points in Fig. 5 and the points for the outside 
air temperature curve of Fig. 10, the figure captions should indicate that these are the 
input currents and potentials which were fed into the circuit, not analogue predictions. 
The departures of the solar radiation inputs from the observed values may be responsible 
for some of the differences between computed and observed inside air temperatures. 

2. One can only speculate on the effect of omitting an input current for the diffuse 
solar radiation transmitted through the large south-facing window. Though reduced 
by shading, this input should have a significant effect on the computed indoor 
air temperature. 


3. It is noted that the power input to the recording apparatus is a large constant | 


factor. Hence, the actual influence of the periodic variation in sun intensity and air 
temperature is, to a considerable extent, hidden in the solutions given in the paper. 

4. Mr Buchberg points out that the thermal circuit solution can be only as good as 
the evaluation of the circuit parameters and boundary conditions. This evaluation is 
far from a simple matter and needs very careful attention in future comparisons between 
computed and observed results. Comparison of predicted and observed thermal be- 
havior such as the one Mr. Buchberg has made serves two important purposes. First, 
they demonstrate where better data is needed on, or understanding of, heat transfer, 
air distribution, mixing and infiltration. Second, successful comparisons of at least a 
few representative cases are essential to general acceptance of computer results by air- 
conditioning engineers. It is evident, therefore, that such comparisons are a necessary 
part of a comprehensive research program on thermal circuits. 


The results of further work in progress and planned are awaited with great interest. 


EVERETT PALMATIER, Syracuse, New York: I would like to direct my remarks speci- 
fically to Fig. 10. Before doing so, let me say that I have made such remarks at past 
meetings when papers were given on periodic heat flow research. Note from Fig. 10, 
that the outside temperature variation during the day is roughly 20 deg. The inside 
temperature variation is 30 deg. Also, observe that the temperature curves are roughly 
in phase. One of the reasons for this in-phase relation of the temperature curves and 
the fact that the inside temperature variation is so great, is that most of these periodic 
heat flow studies have no thermal capacitance within the shell of the space. In the 
analogue used in these experiments there was a small capacitance representing the 
capacitance of air. In practical structures there is a considerable amount of material 
within the shell through which the periodic heat flow takes place. When one notes the 
relation between such curves in practical cases, it will be found that the inside tempera- 
ture variation is a very small fraction of the outside temperature variation, even with 
substantially larger direct solar gains than are included in this paper. Also it will be 
found that the phase difference between maximum outside and inside temperatures is 
very often as much as 5 or 6 hours. 


AvuTHoR’s CLosurRE: It is indeed gratifying to see so much interest displayed in a 
paper dealing with the application of circuit analysis to the prediction of cooling and 
heating loads. Regardless of what method of solution is used in solving the final cir- 
cuit, representation of complex heat and mass transfer systems by thermal circuits 
makes it possible with a systematic procedure to estimate the importance of many fac- 
tors and variables in predicting the performance of the system. Fortunately, useful 
engineering results can be obtained in spite of the fact that many approximations are 
made in arriving at a final solution of the circuit. This is due to the large number of 
factors present which influence the behavior of the system significantly but in a sma!l 
way. It is true that any very large influence must be accurately represented to obtain 
useful results. 
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Several interesting questions have been raised by Mr. Gilman. Regarding the large 
indoor temperature swing, which certainly is not representative of an acceptable in- 
stallation, it should be mentioned that this condition was purposely sought in order 
to make temperature-time comparisons between the actual system and the analog pre- 
diction more meaningful. In this investigation the thermal capacity associated with 
the instruments located in the space was considered to be negligible. Additional solu- 
tions of the thermal circuit have been obtained for the case where the indoor air tem- 
perature was maintained constant and will be reported in a future paper. Experi- 
mental studies with the use of cooling equipment to maintain the space temperature 
constant have not been planned because of insufficient funds. 


Some question was raised about the lateral heat flow between the white and green roof 
sections. It was felt that for purposes of analysis unidirectional heat flow was justified 
on the basis that the resistance to heat flow in the lateral direction was large compared 
to the direction perpendicular to the long dimension. Insulation in a joining plane 
between the two roof areas would not have served any useful purpose. 


Concerning the periodicity of the measured and predicted temperatures, Mr. Gilman 
is correct in expecting the analogue predictions to be precisely periodic, inasmuch as 
the inputs were all periodic. Examination of the tabulated data given in the original 
report to the Society indicates a maximum deviation from exactly periodic behavior of 
2.8 deg F rather than the 5 deg F mentioned. This resulted from some difficulty in 
interpreting the film record of potentials at discrete time intervals. This difficulty has 
now been overcome by making continuous recordings of the potentials of interest and 
simultaneously recording a timing signal originating from the outside air temperature 
input generator. 


Before the experimental data were obtained, weather conditions were observed for 
several months until a period of cloudless days appeared early in September. Actual 
measurements were taken for several days. The 24-hr period beginning September 8 
was selected on the basis of periodicity. 


With respect to Mr. Palmatier’s remarks, I might say that I agree with him that 
additional capacity in the space will tend to reduce indoor temperature swings. Fur- 
ther if by a practical structure he means one having much more mass such as concrete 
or masonry construction, rather than conventional wood frame construction used ex- 
tensively in Southern California, then I agree that with his practical structure one 
would expect less inside temperature variation and much greater phase difference be- 
tween maximum outside and inside temperatures. The important point is that thermal 
circuit analysis, demonstrated for a particular system in this investigation, is readily 
adaptable to other systems having different values of thermal resistance and capacitance. 


Mr. Gilkey has suggested several refinements in the analysis for consideration in 
future studies. Reflections from adjacent buildings as well as the effect of shading 
devices can be introduced into the solar input circuit. To accomplish this, Equation 
A-13 for incident solar radiation (see Appendix A) might be modified by multiplying 
by a function y’(@) to give 


(Hp)n = [A + B cos (6, — 150)]y’(6) 


A similar function ¥(@) was used to account for sunrise and sunset. Infiltration can be 
accounted for in the circuit by inserting a resistance between the inside air temperature 
and outside air temperature such that the heat flow through the resistance is 


We,(to — 7i). The resistance would then equal — where W is the infiltration rate 


and ¢, is the unit heat capacity of air. For the case where W is time variable it might 
be more convenient to use a (+) current source in the analogous circuit. Moisture 
loads resulting from the evaporation of water from a surface and diffusion into the 
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space could also be treated as a current source and computed from the equation g = 
AlmL(ps — ~,.) where A is surface area, hm is a unit mass conductance, L is the heat 
of vaporization, p, is the vapor pressure of water at the surface temperature, and p,, 
is the partial pressure of the vapor in the space. It should be recognized that the 
circuit representation offers no assistance in evaluating Am. 


Mr. McNall makes the interesting suggestion for future work to consider distributed 
RC transmission lines for analogue work rather than lumped element circuits. Dis- 
covery of practical distributed RC transmission elements would make possible the 
solution of problems that require too fine a mesh using a lumped parameter network. 
However for this application it is not clear why there should be any concern over the 
lumped element representation. Values of thermal diffusivity for the usual materials 
of construction are such as to make relatively few lumps practical and few input har- 
monics necessary. 


With respect to simplification of network representation, solutions by means of elec- 
tric analogue are not necessarily the most economical approach for every design prob- 
lem. It appears worthwhile to study simplification of circuits with the objective of 
setting up hand computational procedures based on a classification of systems and a 
tabulation of complex impedances characteristic of typical structural components and 
determined with the use of an electric network computer in advance. 


I would like to thank Professor Kayan for his kind remarks and emphasis on the im- 
portance of considering the whole system, including the air conditioning equipment. 
Professor Kayan has been doing a pioneering job in this area and we hope in the future 
to include consideration of equipment characteristics and control in our studies. 


Mr. Parmelee correctly questions the interpretation of computed points given in 
Figs. 5 and 10. The computed points in Fig. 5 and also in Fig. 6 represent inputs. 
In Fig. 10 the computed points for the inside air temperature express the prediction 
and for the outside the input. 


In connection with Mr. Parmelee’s second comment, I can now report on the effect 
of including the transmission of diffuse solar radiation through the south-facing glass 
area. For the case where the inside air temperature is considered to be a dependent 
variable, the predicted space temperature was increased slightly during the day reaching 
a maximum difference of 1.9 deg at approximately 2:00 p.m. For the case where the 
space temperature was maintained constant, the increase in the peak sensible air con- 
ditioning load was approximately 8 percent. 


It is true as Mr. Parmelee points out that the heat source due to the presence of re- 
cording equipment in the enclosed space was a potent factor in establishing the space 
temperature. However, it is not correct to conclude that the effect of periodic varia- 
tions in solar irradiation and air temperature are hidden in the solutions. In the analy- 
sis of linear circuits it is convenient to separately consider the effect of d-c and a-c in- 
puts based on the principle of superposition. On this basis it can be seen that the effect 
of large d-c inputs, such as the space heat source, is simply to raise the d-c level of the 
prediction without affecting or hiding the influence of the a-c inputs. Also, sensitivity 
in measuring the variations is preserved if the reference or ground potential is made 
equal to the d-c level. 


We now have available solutions of the circuit for a constant space temperature giving 
the quantitative contributions of all of the inputs in terms of sensible air-conditioning 
load curves. These will be presented in a future paper. 


In conclusion I would like to say that H. B. Nottage made possible these studies 
through his initiative, encouragement, and advice. 
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SYMBOLS 
Source of constant potential 


Source of periodically varying potential 


Current source 
Amplifier 


Thermal resistance also Fixed resistor 


Variable or adjustable resistor 


Potentiometer or voltage divider 


Double throw relay 


Current Generator 


Wires connected 


Wires crossing (not connected) 


Ground 


Twin Diode 
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A METHOD FOR DETERMINING WINTER 
DESIGN TEMPERATURES 


By M. K. THomas*, Toronto, Ont., CANADA 


A WINTER design temperature may be broadly defined as the coldest tem- 
perature which is likely to recur frequently enough during the average winter 
to justify its use in the design of heating systems for structures. These tempera- 
tur... are used in calculating the heat loss which such systems may be called upon 


to overcome in normal operation. 


While winter design temperatures have been used for some time in Canada, no 
one has as yet published a method by which these temperatures may be selected 
on a systematic basis across the country. In the past some designers have used 
values obtained by adjusting the extreme or average minimum temperatures ac- 
cording toa rule, while others have estimated values directly. In the preparation 
of winter design temperature charts for the Climate Part of the revised National 
Building Code of Canada, it was necessary to devise a logical method for obtaining 
these temperatures and to give a specific definition to a Canadian winter design 
temperature. 


At the first meeting of the Technical Committee on Climate for the National 
Building Code, it was decided to select design temperatures on the bases of four 
probabilities (1, 214, 5 and 10 percent) so that the designer might have a choice 
according to the heat capacity and the use of a building. Considering the volume 
of calculations involved in obtaining these design temperatures, it was also de- 
cided to base them on conditions during the coldest month of the year only. Ac- 
cordingly, the following definition was adopted: Winter design temperatures for 
bases of 1, 214, 5 and 10 percent are the temperature values expressed in Fahrenheit 
degrees at or below which 1, 214, 5 and 10 percent of the January hourly outdoor tem- 
peratures occur. 


* Deputy Superintendent, Climatological Services, Meteorological Division, Department of Transport. 
Presented at the Semi-Annual Meeting of the AMERICAN SociETy OF HEATING AND AIR-CONDITIONING 
ENGINEERS, San Francisco, June 1955. 
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METHOD 


January is usually the coldest month of the year throughout most of Canadaf. 
Normal January temperatures range from +10 to +25 deg F in the more densely 
settled portion of Eastern Canada, from —5 to +15 deg F in the southern Prairie 
Provinces and from +15 to +35 deg F in settled British Columbia. While a 
longer period of time would have been desirable, the 10 Januaries from 1941 to 
1950 inclusive, were chosen as a basis for this study. However, the period proved 
to be fairly representative, as the departures from normal of the mean January 
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temperature during this period were mostly within the range —1 to +2 deg in 
settled Southern Canada and +4 to —2 deg in Northern Canada. The largest 
departures from the long term normal occurred in the sparsely settled Mackenzie 
Valley and Yukon Territory. 

The first step was to analyze the hourly temperature frequencies from 10 repre- 
sentative locations. The hourly temperature records for 100,000 observations 
were transferred to punched cards for machine analysis, from which it became ap- 
parent that more information was needed. Hourly temperature frequencies for 
an additional 25 stations were then obtained by clerical methods for the coldest 
10 percent of the hours. 


+ February averages colder only in Southern Ontario, Nova Scotia and New Foundland where the dif- 
ference varies from 0 to —2 deg and in the Arctic Islands where the differences are 0 to —6deg. Most dif- 
ferences, except in the Arctic, are 1 deg or less. 
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To obtain design temperatures for the desired (or any) percentage level at these 
35 stations, it was necessary to accumulate the temperature frequencies from the 
lowest temperature up to the desired percentage level. The frequency distribu- 
tion of 7440 January hourly temperatures at Ottawa is shown in Fig. 1. The 
position of the 74th lowest temperature is indicated as the 1 percent level, the 
186th as the 21% percent level, the 372nd as the 5 percent level and the 744th as 
the 10 percent level. The 50 percent level and the mean January temperature for 
the same 1941-1950 period are also shown. 
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Fic. 2. JANUARY HouRLY TEMPERA- 
TURE FREQUENCIES AT VANCOUVER, 
B. C., EpMonton, ALTA., AND Monc- 
TON, N. B., FOR THE PERIOD 1941-1950. 
THE CurRVES HAVE BEEN SMOOTHED 


In order to obtain a more complete coverage of the country, a member of the 
National Building Code Committee on Climate, H.C.S. Thom of the U. S. Weather 
Bureau suggested the use of a relationship between (1) the variability of January 
monthly mean temperatures, and (2) the difference between the monthly mean 
temperature and the design temperature. As Canada is divided into several re- 
gions according to the type of temperature frequency distribution, the use of several 
regional relationships was suggested. Fig. 2 illustrates the different types of tem- 
perature distribution and indicates the need for regional relationships. The Van- 
couver frequency distribution illustrates the compact distribution of hourly tem- 
peratures typical of the maritime climate along the Pacific Coast which was also 
found to exist in the Great Lakes region of southern Ontario. The broad Ed- 
monton distribution is representative of the continental climate in Western Canada, 
while the intermediate Moncton distribution is typical of stations in Eastern 
Canada. Fig. 3 shows the different regions into which the country was divided 
along with the location of the stations for which design temperature values were 
obtained. 
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To obtain these regional relationships, monthly mean temperatures and stand- 
ard deviations were calculated from the 35 locations for the 10-year period 1941- 
1950. Standard deviations in Southern C...1ada were about 3 deg along the 
Atlantic Coast and increased steadily to 13 deg in Alberta and interior British 
Columbia and then decreased to 5 deg along the Pacific Coast. In Northern 
Canada the values exceeded 8 deg in the Eastern Arctic decreasing to 4 deg in the 
Western Arctic. 


The standard deviation value for each station was plotted against the difference 
between the mean temperature and the known 214 percent design temperature. 
These plots and the resulting lines of best fit are shown in Fig. 4. An excellent 
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Fic. 3. ZONES OF REGIONAL RELATIONSHIPS AND LOCATION 
OF STATIONS FROM WHICH Data WERE USED 


relationship was apparent for the Western Canada stations. The three pilots 
which do not lie along the line (C) represent stations on the edge of this region. 
The Eastern Canada plots were more scattered than the first group but are repre- 
sented fairly well by line (B). Although the method of least squares was used to 
obtain the original relationship lines it was found that satisfactory lines could be 
drawn by inspection of the plotted points. The values for the Maritime stations 
were bunched and so the line (A) was given the same slope as (B). Similarly a 
line (D) was drawn through the single Yukon stations which was parallel to the 
relationship line (C). 


To utilize these relationship lines, January mean temperatures and standard 
deviations were calculated for an additional 80 stations for the period 1941-1950. 
Knowing the standard deviation and using the proper regional relationship line, 
the difference was read off between the mean temperature and the 2)4 percent 
design temperature. Since the mean temperature was also known, the calculated 
design temperature was obtained by subtracting the previously mentioned dif- 
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ference from the mean temperature. The data from stations near the boundaries 
of different zones were adjusted accordingly as were data at stations with known 
unusual climatological characteristics. The design temperature values were 
plotted and the chart shown in Fig. 5 was drawn. In settled Southern Canada 
these values range from —35 deg in the interior to 0 deg on the Atlantic Coast 
and 10 deg on the Pacific Coast. 


Similar procedures could have been used to obtain relationships for the 1, 5 
and 10 percent levels. This was attempted but it was found to be just as accurate 
if values were estimated using, with necessary adjustments, the basic relationships 
already found. In each region there were several locations where the exact fre- 
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quencies were known for the lowest 10 percent of the temperatures. These ob- 
served design temperatures were used as reference points in estimating values for 
the other eighty locations. The resulting charts are similar in appearance to the 
2\% percent basis chart and are not shown here. 


COMPARISON OF CITY AND AIRPORT DESIGN TEMPERATURES 
As hourly temperature data were available for city and airport stations at To- 


ronto and Montreal, winter design temperatures were obtained for these stations 
and are shown in Table 1. Asa result of the urban influence, city temperatures 
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in the winter are usually slightly higher than those at adjacent airports. Since 
these 2 cities are the largest metropolitan areas in Canada, large city-airport dif- 
ferences are not expected in other urban areas. At Toronto and Montreal, dif- 
ferences in design temperatures between city and airport sites are about one de- 
gree greater than the differences between mean temperatures. 


Fic. 5. DeEsIGN TEMPERATURE—214 PERCENT BAsIS FAHRENHEIT 
DEGREES 


CoMPARISON OF TAC 9714 PERCENT BASIS AND CANADIAN 214 PERCENT BASIS 
WINTER DESIGN TEMPERATURES 


Many readers will be interested in seeing how the design temperatures as ob- 
tained by this Canadian method compare with design temperatures selected by the 
ASHAE Technical Advisory Committee 9714 percent basis. This latter tem- 
perature is defined as the hourly out-door temperature which has been equalled or 
exceeded 971% percent of the total hours in December, January and February for the 
period of record. The major difference is that the TAC method uses the three 
winter months instead of the single coldest month used in this paper. A minor 
difference in procedure is that the TAC method accumulates the temperature fre- 
quencies from the highest temperature down, while the method described here 
accumulates from the lowest temperature upward. A difference of 3 deg was 
found between the two methods at Toronto. The TAC 9714 percent value, based 
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on December, January and February is +3 deg, while the present method gives 
a value of 0 deg on the 214 percent level based on January temperatures alone. 


TABLE 1—COMPARISON OF CITY AND AIRPORT WINTER DESIGN TEMPERATURES 
AT TORONTO AND MONTREAL (FAHRENHEIT DEGREES) 


JANUARY 1941-1950 | DEsIGN TEMPERATURES—PERCENT 
MEAN STANDARD | 
TEMPERATURE DEVIATION | 1 2% 5 10 
Toronto 
ere 24.5 §.2 | — 4 0 5 10 
Airport.......... 21.2 5.7 - 9 1 6 
Difference... . . 3.3 —0.5 5 4 4 4 
Montreal | 
16.1 | 4.7 —12 -9 | -6 
14.9 -14 | —8 —4 
Difference.....| 1.2 —0.4 2 2/ 2 2 


SUMMARY OF WINTER DESIGN AND RELATED TEMPERATURES 


In summary, Table 2 is a tabulation which lists for 15 Canadian cities various 
winter design, mean and extreme temperatures. The Canadian design tempera- 
tures are based on the period 1941-1950 and where indicated are derived from 
airport temperature values. The standard temperature values are from 30-year 
records which are either entirely city records or a fairly homogeneous combina- 
tion of city and airport records. 


Study of the tabulation reveals that apparently the design temperatures in com- 
mon use have been selected with the mean annual minimum temperature in mind 
since there is close correlation. These temperatures in common use, while never 
as low as the 30-year extreme minimum temperature, are usually lower than both 
the 1 and 214 percent basis design temperatures as selected in this study. 
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TABLE 2—WINTER DESIGN AND COMPARATIVE TEMPERATURES AT 15 LOCATIONS 
IN CANADA (FAHRENHEIT DEGREES) 


WINTER DesiGN Temp> 30-YEAR 
Design| STANDARD VALUES 
STATION* Temp 
PERCENT IN MEAN | MEAN Ex- 
Com- JAN- |ANNUAL] TREME 
| MON UARY | MINI- | MINI- 
1 2% 5 10 Use® | Temp4| mum® | mum! 
Vancouver (A), B.C........ 8 11 15 21 10 36 13 0 
Edmonton (A), Alta....... —39 | —33 | —29 | —21 | —40 8 | —39 | —55 
Regina (A), Sask.......... —39 | —34 | —30 |} —25 -—39 | —54 
Churchill (A), Man........ —43 | —42 | —40 | —37 — | -—16 | —43 | —50 
Winnipeg (A), Man........ —33 | —29 —25 |} —21 |! —35 1 | —35 | —44 
Ottawa (A), Ont...........| -—18 | —15 | —11 | — 7 | —20 12 | —26| —38 
—4 0 10 | —10 —22 
Montreal, Que.............| —15 15 | —16 | —29 
Quebec, Que.............. -16| -12]-9|-—4|-20| 12| -19| -32 
3) 0 5 — 20 | —12 | —21 
0 32 | — 6} —21 
Charlottetown, P.E.1.......] — 6 | — 3 | 0 4} —10 19 | —11 | —23 
St. John’s (A), Nfld.. 1 | 1 | 4 7 | -—10 24}; — -—10 
Goose Bay —29 | —26 | —24 | —20 — | 0; —30 | —35 
Dawson, Y.T.. eae —56 —50 | —39 | —45 | —16 | —54 | -—73 


® (A) indicates that observations were taken at the airport for the 10-year period 1941-1950. 

b Based on January 1941-1950. 

© HEATING, VENTILATING, AIR CONDITIONING GuIDE 1954, Chapter 12, p. 245 published by AMERICAN 
Society oF HEATING AND AIR CONDITIONING ENGINEERS, New York, N. Y. 

a, ef Thirty-year standard values are based on the period 1921- 1950 and are either entirely city records 
or a fairly homogeneous combination of city and airport. The periods at Churchill, St. John’s and Goose 
Bay are less than 30 years. 


DISCUSSION 


S. A. HEIDER, Washington, D. C. (WRITTEN): The important feature of the new data 
described by Mr. Thomas, in my opinion, is the multiple choice of design temperatures 
which are based on different frequencies of occurrence. This permits the designer to 
choose a temperature suited to a particular job with regard to type of building, local 
exposure, or importance of an adequate heating system. It also places the responsibility 
for choosing a design temperature on the designer where it ought to be. He alone knows 
all the conditions of his particular job, and is the only person in a position to make a 
decision. 

The choice of values given in Table 2 seems to begin in the range of the old tempera- 
ture-in-common-use and extends upward to higher values of temperature. I would like 
to suggest that at least one set of values below the 1 percent range should be added to 
permit a choice of lower temperatures. This would take care of cities where the new 1 
percent value has deviated sharply upward from the old temperature-in-common-use. 
It would permit a designer to use a lower and safer figure for his jobs until he has made 
analyses of old jobs to assure himself that the higher figures are really quite adequate. 
I personally believe that the 10 percent figures are generally much too high and that 
designers will be very reluctant to use them at all. 

The method used by ASHAE’s present TAC on Weather Data for deriving a compar- 
able set of winter design temperatures, differs very much from that described by Mr. 
Thomas. This, perhaps, is not significant because the method used is not especially 
important as long as a set of multiple temperatures are provided for the designer to 
choose from. It would be interesting nevertheless to compute data for border cities by 


| 
| 


DIscUSSION ON DETERMINING WINTER DESIGN TEMPERATURES 395 


both methods to compare the results obtained by the two methods. It may be that the 
results of both methods are comparable for all practical purposes, and that the only 
significant difference lies in the range of choice of design temperature in relation to the 
old temperatures-in-common-use. 


H. E. DEGLER, Kansas City, Mo. (WRITTEN): This is an excellent paper on Winter 
Design Temperatures with Table 2 and Fig. 5 containing the summarized recommended 
values for Canada in convenient form. Iam glad to note that Mr. Thomas used tem- 
peratures for the period 1941-50, which was a cold weather cycle. This opinion is based 
upon my belief in the Hale 11-year hot and 11-year cold weather cycle and an article by 
I. R. Tannehill, Assistant Chief, U. S. Weather Bureau, published in the September 1954 
issue of Country Gentleman. 

Not many years ago textbooks told us to find the winter design temperature by adding 
10 degrees to the lowest recorded temperature that occurred during the previous 10 years. 
Adding 10F to column 8 in Table 2 would undoubtedly be too low as a design tempera- 
ture for most cities when compared to the recommended column 2 which is more realistic. 
(However, adding 10 degrees to the mean annual minimum in column 7 would for most 
Canadian cities approximate Mr. Thomas’s recommended values in column 2). The 
agreement of the Canadian method using only January temperatures compares favor- 
ably with the presently published ASHAE 971% percent basis for the 3 winter months. 

From a similar study (now in progress) made for USA cities by H. C. S. Thom of the 
Society’s Technical Advisory Committee on Weather Data, the preliminary report in- 
dicates the probability of recommending the use of 9214 percent for USA cities in- 
stead of the current 9714 percent, which latter figure is now being recommended for 
Canada by Mr. Thomas. I wish that Mr. Thomas would comment on this from the 
standpoint of difference in climatic conditions which may justify the use of both values 
(9214 for USA and 97% percent for Canada). 


JoHN Everetts, Jr., Philadelphia, Pa.: The data presented are, obviously, most 
important in any air conditioning or heating design and the TAC on Weather Data has 
been working, not only thru the U. S. Weather Bureau but also thru the Canadian 
Climatological Service with Mr. Thomas who is a member of our committee. I wish to 
say he has done excellent work, not only in the winter design temperature field, on which 
information has been presented in the paper, but also in the weather atlas which has been 
prepared for Canada. 

In the various discussions there seems to be a feeling that both Mr. Thomas and our 
own committee are trying to set up a definite standard of temperature which must be 
used for design and I would like to clarify this point concerning our work and that of Mr. 
Thomas. These temperatures which he has set up and temperatures which we are 
setting up are temperatures from which engineers may select the one for a particular 
problem. For a light residential structure, one design temperature might be used; but 
for a heavily constructed office building which operates during the daytime only, one may 
use a higher temperature in order to reduce the costs of the installation. 

One other thing I would like to point out is that most of these temperatures are 
macroclimatological conditions which cover an area and not microclimatological condi- 
tions which cover small localities within a given area. For example, for Toronto there 
are records where, at the edge of the lake, the temperature would be 0 F, and, about 5 
miles in back of the lake, within the same hour, the temperature would be —15 F. It is 
not possible, at the moment, to detail the microclimatological data as some people would 
like to have done. In Washington, D. C. there may be a difference of 12 deg between the 
northeast and southwest districts within the same hour. The committee is trying to 
establish the probabilities of temperatures as they exist, and let the engineer in a given 
locality or a given microclimatic area decide for himself what temperature he should use 
to establish a proper condition for a given structure. 

I want to compliment Mr. Thomas for the work he has done, not only on this paper, 
but also on the atlas. As far as the data in the GuIDE are concerned, we recognize that 
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they do not comprise data that we now recognize as being correct, and that will be 
changed, it is hoped, within the next year, on the basis of the studies now being made. 
For example, Boston, New York, Philadelphia, and Washington all now show a design 
winter temperature of OF. That is obviously not correct. On the basis of the data that 
the Weather Bureau is now working up on the probabilities that exist for the period in 
which temperatures have been recorded, Boston is shown as 0, New York as +5, Phil- 
adelphia +6 and Washington +10, which seems to be more in line with the grographical 
location of those areas and I think, within the next year more accurate data will be avail- 
able for use. 


AuTHorR’s CLosurE: A set of values below the 1 percent level could be easily obtained 
from the data already compiled. In southern Canada the 0.5 percent level values would 
be about 3 deg lower than the 1 percent level values. 

There is a comparison in the paper between the present TAC 9714 percent values and 
the 2% percent values obtained. A comparison with the new proposed method using 
the lowest daily average temperature over a 30-year period is not possible at present 
since Mr. Thom’s method of obtaining probabilities has not yet been published. 

The period 1941-1950 seemed fairly representative as most of settled Canada exper- 
ienced January temperatures that were within +2 deg of the long-term normal. An 
exception was southern Manitoba and Saskatchewan where departures were of the order 
of +3 deg from the long-term January normal. 

Perhaps the extreme microclimatic conditions have been over-emphasized in consider- 
ing the temperature regimes of cities. In Toronto there are occasions when large differ- 
ences do occur between the lake front and the suburbs which are miles away and several 
hundred feet above the lake. However, on an average basis there is only a 3 to 4 deg 
temperature drop from the lake front to the interior. 
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PERIODIC HEAT FLOW THROUGH FLAT ROOFS 


By D. J. Vitp*, CLEVELAND, Onto, M. L. Erickson**, MINNEAPOLIS, MINN., 
G. V. PARMELEEf AND A. N. CERNy{f, CLEVELAND, OHIO 


This paper is the result of research carried out by the AMERICAN 
SOCIETY OF HEATING AND AIR-CONDITIONING ENGINEERS, INC., 
at a Laboratory located at 7218 Euclid Ave., Cleveland 
3, Ohio. 


OR MANY YEARS engineers have been faced with the difficulty of properly 

evaluating the portion of the cooling load due to periodic heat flow through 
multi-layer building sections. One example of considerable importance is esti- 
mating heat gain through roofs of large single-story buildings, such as shopping 
centers, schools and industrial plants. An analytical solution to the problem was 
developed in 1946 by C. O. Mackey and L. T. Wright, Jr.? of Cornell University. 
Their solution stated exact equations for idealized conditions of heat flow and in- 
cluded a number of assumptions intended to simplify, as far as possible, a complex 
mathematical calculation. To obtain a comparison between the thermal behavior 
of a structure under natural weather conditions and the behavior predicted by the 
Mackey-Wright equations, and to determine the limitations of their assumptions, 
a research program was initiated at the ASHAE Research Laboratory by the 
Technical Advisory Committee on Cooling LoadQ. 

The building section chosen was a roof constructed of three homogeneous layers 
typical of many used today in commercial buildings. Tests were run with the test 
section exposed to the weather on one side and to a constant temperature space on 
the other. 

This paper presents the results of these tests and compares rates of heat gain and 
time lags with predicted values based upon the Mackey-Wright equations for 
multi-layer construction. 


DESCRIPTION OF TEST APPARATUS 


The test apparatus was the solar calorimeter used in the research on heat flow 
through glass and described in Reference 2. In the roof tests, it was not used as a 
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Fic. 1. SCHEMATIC DIAGRAM OF 
TESTING APPARATUS 


calorimeter, but as a constant temperature heat sink. Heat flow at both roof 
surfaces was measured by heat-flow meters as described later. The heat sink was 
maintained at a constant temperature by means of a refrigerating unit and thermo- 
statically-controlled electric heaters. Fig. 1 isa schematic sketch of the calorimeter 
and the test section. 


CONSTRUCTION AND INSTRUMENTATION OF ROOF SECTION 


The test section was approximately 4 ft sq and mounted in a wooden frame that 
would fit into the opening in the test apparatus. It consisted of a layer of four- 
ply felt roofing, 2 in. of vegetable-fiber insulation board, and 3 in. of sand-and- 
limestone-aggregate concrete. As the section was to be tested with the concrete 
side both in and out, a single ply of felt roofing was cemented on the indoor side to 
provide surfaces of the same emissivity and solar absorptivity on both sides of the 
section. 

Care was taken in construction of the test section to assure no air blisters between 
the layers of the roof. The bonding materials used were a quick-setting, rubber- 
base adhesive and a high-melting-point asphalt. 

Temperatures of each surface and each interface of the roof section were meas- 
ured by sets of 14 copper-constantan thermocouples; 6 were placed diagonally in 
the center or fest area of the roof and 8 were placed in the outer or guard area. The 
guard area was 8 in. wide, sufficient to insure one-dimensional heat flow through the 
test area. (Temperature readings during the tests proved this to be so.) The 
surface thermocouples were imbedded slightly in the asphalt surface. 

Heat flow was measured by means of four heat-flow meters placed on each sur- 
face within the test area. These heat-flow meters were the type*® developed at the 
ASHAE Research Laboratory. They were bonded to the surfaces of the roof with 
asphalt and then covered with the same material to provide a surface having the 
same emissivity and solar absorptivity as the rest of the roof. 

Switches were so wired that temperatures across the fest area could be read in- 
dividually or in parallel; temperatures in the guard area were read individually. 
The outside heat-flow meters were read individually or in parallel, and the inside 
heat-flow meters individually or in series. This arrangement made it convenient 
to check temperatures and heat flows against each other while tests were in pro- 


gress. 
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OTHER INSTRUMENTATION 


Solar radiation measurements were made with three Eppley multi-junction pyr- 
heliometers. All were mounted horizontally, two adjacent to the roof and the third 
on a nearby tower. One pyrheliometer adjacent to the roof measured total radia- 
tion and, by means of a shading device, the other measured diffuse radiation. The 
third could check either of the other two. 

A shielded, aspirated thermocouple was used to measure outdoor dry-bulb tem- 
perature. Also, at regular intervais, outdoor dry-bulb and wet-bulb temperatures 
were taken with an aspirated psychrometer. 

Low-temperature outdoor radiation measurements were made with a convection- 
compensated radiometer developed at the ASHAE Laboratory and described in 
Reference 4. 

Wind velocity was measured with a cup-type anemometer and wind direction 
by a wind vane. General sky conditions were also noted. 

The outputs of the thermocouples, heat flow meters, and pyrheliometers were 
read on an electronic, self-balancing potentiometer. In addition, a record was 
made on a 16-point high-speed recorder of the following: (a) temperatures of 
the outside roof surface, (b) temperatures of the inside roof surface, (c) tempera- 
tures of the heat-sink surface, (d) heat flowing at the inside and outside surface, 
(e) amount of total solar radiation, and (f) amount of diffuse solar radiation. The 
recorder also provided a continuous record of those values most subject to fluctua- 
tions, making it possible to average them. 


CALIBRATION OF HEAT FLow METERS 


A number of heat-flow meters were calibrated on a cooled plate by means of the 
portable calibrator described in Reference 3. From this number, groups of 4 
were selected which had calibration constants within 10 percent of each other. 
The meters were then re-calibrated with the portable calibrator after they were 
cemented in place on the roof section. 


PHYSICAL PROPERTIES 


It was important that the physical values of the materials used in the roof section 
be accurately ascertained to provide a valid comparison between calculated and 
observed results. The importance of each value cannot be determined without 
lengthy and involved calculations. However, particular attention was paid to 
obtaining accurate conductance values, since they are most subject to variations. 

To check the conductances of the various materials, conductance tests were run 
while the roof was in place in the test apparatus. An aluminum foil container 
large enough to cover the entire roof surface was put in place and filled with crushed 
ice. The calorimeter surface (normally the heat sink) was kept at a constant 
elevated temperature. From the heat flows and the temperatures of the inter- 
faces and surfaces of the test section observed under equilibrium conditions, the 
overall conductance and the conductance of each layer were computed. These 
values, except for the concrete, agreed very well with handbook values. 

Specific heat values were obtained from handbooks and no experimental de- 
termination was made. Since these values are virtually constant for the same 
type of material, irrespective of other physical properties, further qualification 
seemed unnecessary. 
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Densities of the materials were determined from samples obtained at the time 
of construction of the test sections. Thicknesses of the various layers were meas- 
ured while the section was being constructed. 

The emissivity of the asphalt surfaces was determined by means of a radiometer 
and apparatus already described®. Solar absorptance was computed from spectral 
light reflectance data®. As these data covered approximately 75 percent of the 
total energy in the solar spectrum, it was assumed that this result could be applied 
to the entire solar spectrum without much error. 

The manner in which the surface coefficients were calculated is shown in Appen- 
dix A. All physical properties and surface coefficients are listed in Table 1. 


TABLE 1—PHYSICAL PROPERTIES OF MATERIALS USED IN TEST SECTION 


CONDUCTIVITY 
Bru /(HR) Speciric Heat DENSITY THICKNESS 
MATERIAL SQ FT) Bru /(LB) Ls/cu FT IN. 

| (pEG (DEG F) 
Concrete | 6.1 | 0.22 143.1 3 
Insulation 0.42 0. 28 | 21.3 2 
Built-up Roofing 0.25 | 63.0 36 
Emissivity of Surfaces (e) 0.88, no units 


0.91, no units 
1.2 , Btu/(hr) (sq ft) (deg F) 
3.0 , Btu/(hr) (sq ft) (deg F) 


Solar Absorptivity of Surface (a) 
Inside Surface Film Coefficient 
Outside Surface Film Coefficient 


TESTING PROCEDURE 


On the basis of weather forecasts, test periods were so chosen that they might be 
expected to closely approach the conditions set forth in the Mackey-Wright equa- 
tions. One of these conditions requires that the steady periodic state be attained. 
This is reached if the test section is subjected to a sufficient number of identical 
cycles of sol-air temperature that the temperature of any point in the section goes 
through the same cycle day after day. Actually, it was found that for this con- 
struction, the steady periodic state was attained if the 10-hr period preceding the 
24-hr test period was duplicated during the last 10 hr of the test period. As would 
be expected, because of day-to-day differences in weather, even this condition was 
not precisely attained and a transient heat-flow component resulted. The effect 
of this transient component upon the thermal behavior of the roof section was 
rationally evaluated as described in Appendix B. 

All tests were run with the test section in a horizontal position. Readings were 
taken at regular intervals during the test, for a period of at least 10 hr before the 
test, and for at least a few hours after the test period. Tests were run with the 
test section in both the normal (concrete innermost) and reversed positions to 
study the effect of the order of materials upon the thermal behavior of the roof. 


OBSERVED RESULTS 


Curves of important observed results for Tests Nos. 2 and 3 (the ones chosen 
for comparison) are plotted in Figs. 2 and 3. Shown are inside and outside surface 
heat flows and surface temperatures and sol-air temperature. The latter is that 
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Fic. 2. REsuLts oF Test No. 2, DATA OBSERVED JULY 28-29, 
1953 
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equivalent temperature which produces the same rate of heat flow into the weather- 
side surface of the roof section as the combined effect of outdoor dry-bulb tempera- 
ture, wind velocity, and radiation incident upon the surface. These observed 
quantities are also shown in Figs. 2 and 3. Radiation quantities are shown by 
2 curves; one is the total solar radiation, which is the sum of the direct and diffuse 
components; the other is the low-temperature, long-wave length radiation absorbed 
by the weather-side surface of the roof section. The latter is all the radiation 
emitted by the outdoor environ exclusive of the sun. The radiation emitted by 
the roof surface is also shown. The net low-temperature radiation exchange be- 
tween the roof and its surroundings is the difference between these last 2 curves. 
It will be noticed that although the low-temperature radiation absorbed by the 
roof section is a large part of the total incident radiation, the net low-temperature 
radiation exchange is at all times a negative quantity. The effective radiative 
temperature of the atmosphere, exclusive of solar radiation, ranged from 30 to 40 
deg, well below the air temperature, except during the last part of Test No. 2, 
when the sky became overcast. This statement perhaps needs some explanation. 
On a clear, dry day when there is little water vapor or carbon dioxide in the lower 
atmosphere, a roof exchanges low-temperature radiation principally with the 
higher, colder atmosphere. As the sky becomes more and more overcast, a larger 
percentage of the exchange is with the lower air, and when the sky is completely 
overcast, the effective radiating temperature of the atmosphere is approximately 
equal to the air temperature. This explanation also clears up a seeming paradox 
seen in Figs. 2 and 3. During a portion of the night, the air temperature was 
above the outside roof surface temperature, and yet the roof was giving up heat. 
The roof was gaining heat by convection, but not as much as it was losing by radia- 
tion to the cold upper atmosphere. This difference was balanced by the heat given 
up by the warmer interior of the roof section. 

It can be seen in Figs. 2 and 3 that the sol-air temperature exceeds the outside 
roof surface temperature while the roof is being warmed up and heat is flowing 
into the section. At other times the sol-air temperature is lower and drops below 
the air temperature during portions of the night. 

In Table 2 are summarized observed 24-hr heat flows, average temperatures 
and conductances. The heat flows and the average temperatures are those ob- 
tained by integrating the curves of Figs. 2 and 3 and similar curves for Test Nos. 
1 and 4. Observed conductance values were obtained from 24-hr average surface 
and interface temperatures and observed heat flows. The overall coefficient of 
heat transmission was determined from the average sol-air temperature and the 
average heat-sink temperature. 


LaG ANGLES AND DECREMENT FACTORS 


The lag angle is defined as the time lag of the peak inside surface temperature 
behind the peak sol-air temperature and may be expressed in degrees or hours. 
The decrement factor is a dimensionless ratio which may be defined as foliows: 


decrement factor = (ti; max — tj avg)/(te max — te avg) 
where 


ti max, te max = maximum inner surface and sol-air temperatures, respectively. 
ti avg, teavg = 24-hr average inner surface and sol-air temperature, respectively. 
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TABLE 2—SUMMARY OF TEST AND CALCULATED VALUES 


Test NUMBER 


Users 3b 4> 
24-hr Heat Flow Rates Btu/(day) | 
Into outside surface — test (sq ft) | 67.4 107.6 | 45.4 |} 19.7 
Stored in roof section — test | : \— 26.3 —2.4 (|-0.6 |—24.8 
Outside surface-stored — test | $9 | 93.7 (110.0 | 46.0 | 44.5 
From inside surface — test | “6 85.4 104.6 61.1 | 65.9 
From inside surface — calc. = 84.4 | 99.1 | 56.4 59.3 
24-hr Average Temperatures 
Sol-air — test | F | 93.2 (100.9 89.5 91.2 
Outside surface — test 28 92.3 | 99.6 88.9 90.4 
Inside surface — test sig | 77.4 | 78.0 76.1 76.7 
Inside surface — calc. a | 77.5 78.1 76.4 76.4 
Heat-sink — test si | 74.8 | 74.9 74.5 | 74.7 
Conductances Btu/ (hr) 
Surface-to-surface: (sq ft) (F) 
From 24-hr test = | 0.201 | 0.198 
Steady-state test ” 0.183 | 0.183 | 
Built-up roofing: 
From 24-hr test ‘é 3.95 3.63 
Steady-state test : 4.01 4.01 | 
Insulation: 
From 24-hr test 2 0. 236 0.231 
Steady-state test gs 0.211 | 0.211 | 
Concrete: } 
From 24-hr test 3 2.07 2.31 | 
Steady-state test va 2.05 2.05 | 
Heat transmission coefficient, U | 
From 24-hr test ss | 0.167 0.169 | 
From Steady-state conduct- 0.149 0.149 
ances | 
Decrement factor | 
test no units 0.0416 0.0379 0.0610) 0.0705 
calculated | 0.0429) 0.0394 0.0842; 0.0893 
| 
Lag Angle | 
test degrees | 85. 82 | 63. 65. 
calculated | 79. | 75 58. 
test hours | 5.7 | 5.5 4.2 4.3 
calculated® 5.0 3.9 3.8 


“ Concrete on inside of roof section; » Concrete on weather-side of roof section; ° Calculated from Mackey- 
Wright equations. 


This definition is necessary since the sol-air and inside surface temperature curves, 
as seen in Figs. 2 and 3, are composite and irregular. The observed and calculated 
lag angles and decrement factors listed in Table 2 were obtained graphically from 
these curves. If the curves of the sol-air and inside-surface temperatures had 
been regular sine curves, the decrement factors would have been simply the ratio 
of their amplitudes. 

In Table 3 are listed the harmonic lag angles and harmonic decrement factors 
as calculated by the Mackey-Wright equations. Values are given for only the first 
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2 harmonics (i.e. fundamental and second harmonic), subsequent harmonics having 
a negligible effect. The manner in which these values were used to obtain the 
calculated inside-surface temperature curves is discussed in Appendix A. 


COMPARISON OF RESULTS 


From the data taken, 4 usable 24-hr test periods were found, 2 with the concrete 
innermost and 2 in the reversed position. Fortuitously, one test in each position 


TABLE 3—CALCULATED HARMONIC LAG ANGLES AND HARMONIC 
DECREMENT FACTORS 


| LaG ANGLE 

TEST | DECREMENT 

No. HARMONIC | FACTOR 

DEGREES Hours 

1&2 | 1 90.4 | 6.0 0.0482 
| 2 | 117.4 | 3.9 0.0290 

3&4 1 67.0 4.5 0.0923 
2 111.0 | 3.7 0.0600 


(Tests Nos. 2 and 3) was found to closely approximate the required idealized con- 
ditions, while in the others some correction for a transient component of heat flow 
was necessary. It seems wise to confine analysis and comparison principally to 
Tests Nos. 2 and 3. The conclusions drawn, however, apply qualitatively also to 
the other tests when corrections for the transient component are made. 

In this paper, calculated results refer to values obtained from the Mackey-Wright 
equations, and observed or test values to those obtained from experimental results. 
For comparison, the calculated inside surface heat flow and temperature curves 
are plotted in Figs. 2 and 3. The comparison of calculated and observed inside 
surface heat flows is of prime importance in this study. To make a comparison of 
results clear, the assumed conditions used to obtain the calculated results should 
be pointed out. As stipulated by Mackey and Wright, they are: 


1. The temperature of the outdoor air, the total solar radiation, and low-temperature 
radiation incident upon the outer surface of the roof are cyclic with a period of 24 hr. 

2. The temperature of the indoor air (heat sink in these tests) is constant. 

3. The rate of heat transfer by convection and radiation between the outdoor air 
and the outside surface per degree temperature difference is constant. 

4. The rate of heat transfer by convection and radiation between the indoor surface 
and the indoor air (heat sink) per degree temperature difierence is constant. 

5. The roof is composed of three layers arranged in series in the direction of heat 
flow, each layer being itself a single homogeneous material. 

6. The three layers make perfect thermal contact at their adjoining faces. 


Primarily, only conditions 3 and 4 need be considered in the analysis of results. 
Condition 1 was either closely approximated or rationally corrected for, condition 
2 was maintained during the testing periods, and conditions 5 and 6 were met when 
the test section was constructed. 

In Test No. 2 (concrete innermost) there is excellent agreement between the 
calculated and observed inside surface heat flows (Fig. 2). This means that the 
lag angles and decrement factors obtained by the two methods agree closely. It 
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will be noticed in Fig. 2 that the inside surface heat flow is positive (from the inside 
surface to the heat sink) at all times. Any effect caused by an assumption of a 
constant inside-surface coefficient is negligible since, within the range of tempera- 
tures encountered in these tests, the coefficient is virtually constant as long as the 
direction of heat flow remains the same. The small discrepancies in the heat 
flows shown in Fig. 2 can be attributed to small changes in the heat-sink tempera- 
ture. 

In Test No. 3, agreement between calculated and observed inside surface heat 
flows is not quite as good. The lag angles agree and, although the summation of 
observed and calculated heat flows for a 24-hr period agree closely, the decrement 
factor of the observed curve is less than that of the calculated curve. Major cause 
of discrepancies, it seems, lies in the assumption of a constant inside-surface co- 
efficient. In Test No. 2 with constant direction of heat flow, this assumption was 
valid, but not in Test No. 3. In this test there was a reversal of heat flow and sub- 
sequently a change in surface coefficient. The radiation portion of the coefficient 
remains the same irrespective of the direction of heat flow, but the convection 
portion is much higher for upward heat flow. Proper evaluation of the effect can- 
not be readily computed. The use of an analogue computer or similar device cap- 
able of having a step change made in the coefficient would be necessary. 

The effect of order of materials is clearly shown in the observed results. As pre- 
dicted by the Mackey-Wright equation, a roof with a material of lesser density 
outermost has a greater lag angle and a smaller decrement factor than for the re- 
versed position. It is also seen in Table 2 that for all tests there is reasonably good 
agreement between the summation of the outside surface heat flow minus the 
heat storage, and the calculated and observed inside surface heat flows. The heat 
storage was evaluated using the average surface temperatures of each layer and 
assuming a straight-line relationship of temperature with distance from the sur- 
face. However, the temperature gradient through a particular layer is not neces- 
sarily a straight-line function and consequently, the heat storage is an approx- 
imation. This could account for a portion of any differences present. 

Good agreement is also shown between conductance values obtained by steady- 
state conductance tests and observed values (both previously described). Con- 
ductance values were not calculated for Test Nos. 1 and 4, since appreciable heat 
storage took place and proper evaluation of its effect was not possible. 


CONCLUSIONS 


1. The calculated inside surface heat flow obtained using Mackey and Wright's 
equations agree closely with observed values, better agreement being achieved 
when the inside surface heat flow remains in one direction, than when a reversal 
takes place. 

2. The predicted effect of order of materials was substantiated. With the 
material of higher density outermost, the decrement factor is larger and the lag 
angle smaller than for the reversed position. Practically speaking, this means 
that the maximum rate of heat flow from the inside surface is larger and the time 
lag smaller when the material of higher density is outermost. 

3. The limitations of assuming a constant outside surface coefficient could not 
be determined. A good recommendation seems to be to use the average daytime 
wind velocities for evaluating the outside surface coefficient. This is discussed in 
Appendix A. 
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4. The assumption of a constant inside surface coefficient is valid only when 
heat flow is in one direction. For horizontal surfaces, reversal of heat flow causes 
a significant change in the coefficient with a subsequent change in heat-flow. 

It should be pointed out that the tests are for only 2 particular roof constructions 
(actually 1 roof in 2 positions). For other types of construction having different 
thermal properties and orientation, observed results will be different. In the ex- 
treme case of a horizontal roof having a very small thermal resistance and a reversal 
of inside surface heat flow, the comparison of calculated and observed results may 
also differ. In this case the inside surface film coefficient would be a bigger part 
of the overall thermal resistance and would probably have a greater effect. 
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APPENDIX A 
Calculation Methods 


Surface Coefficients 


To calculate heat flow rates through a building section in the steady periodic state, 
it is necessary to know the physical properties of the section, the indoor and outdoor 
surface coefficients and the sol-air temperatures. The physical properties were de- 
termined experimentally as described earlier. The surface coefficients were calculated 
from a heat balance on the outer roof surface. The heat balance equation is: 


aly = — R) + helts — ta) gine (A-1) 
where 
a = solar absorptivity of roof surface, no units. 
Ir = total incident solar radiation, Btu per (hour) (square foot). 
€ = emissivity of roof surface, no units. 
o = Stefan-Boltzmann constant = 0.173 x 10-8 Btu per (hour) (square foot) 
(Fahrenheit degree absolute)‘. 
R = incident low-temperature radiation, Btu per (hour) (square foot). 
t,, Ts = outside roof surface temperature, Fahrenheit and Fahrenheit absolute, 
respectively. 
ts, T, = outdoor air temperature, Fahrenheit and Fahrenheit absolute, respectively 
gin = measured heat flow into outer roof surface, Btu per (hour) (square foot). 
he = convective conductance, Btu per (hour) (square foot) (Fahrenheit 


degree). 


q 
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The methods by which @ and e were obtained have been described in the paper. 
Try, R, ts, tg and gin Were determined from test data. Thus, with all other values known 
in Equation A-1, h, could be computed. 

In calculating the sol-air temperatures it is necessary to consider the low-temperature 
radiation exchange. This can be facilitated by rewriting Equation A-1 as follows: 


aly = T,*) + e(oT,* — R) + he(ts — ta) + qin- (A-2) 
A radiation exchange coefficient, hr can now be defined by the relationship: 


This value of hy can be added to h, to give a combined outside surface coefficient, 
he + hr. Values of h. + h, computed from the test data for all four tests varied from 
1.14 to 3.82 Btu/(hr) (sq ft) (F deg). 

Because calculations by the Mackey-Wright equations required a constant surface 
coefficient, an average value was computed by weighing 4. + h, according to (t, — t,). 
This yielded an average substantially equal to 3.00 Btu/(hr) (sq ft) (F deg). 

The inside surface coefficient was obtained by dividing hourly measured values of 
inside surface heat flow by the observed temperature difference between the inside roof 
surface and the heat sink. These values were then averaged as before. The range 
of values varied from 0.94 to 1.53 Btu/(hr) (sq ft) (F deg), the larger values occurring 
when the heat flow was upwards. The average value was 1.20 Btu/(hr) (sq ft) (F deg). 


Sol-Air Temperatures 


The sol-air temperature is that equivalent temperature, ¢., which combines radiation, 
wind, and air temperature in such a way as to give the same rate of heat flow into the 
weather surface of the roof as actually takes place, that is, 


din = (he + hr) (te é). oe (A-4) 


from which 


The sol-air temperature can also be computed from Equation A-2 thus: 


aly — e(aT,* — R) 


Because gin and ¢, were observed in these tests, for the sake of accuracy, ¢. was evalu- 
ated by Equation A-5. If all values in Equation A-6 are known accurately, the same 
results would be obtained. Comparison of the sol-air temperatures obtained by the 
two methods showed very close agreement. 

In the practical problem of load estimating, Equation A-6 must be used. Although 
t, is not known, in such cases a rough estimate is sufficiently accurate for determining 
h,, because it is a function of the mean of ¢, and fg, the latter is known, and h, does not 
change too rapidly with mean temperature. A further practical observation is that 
these tests showed that a simple average of the daytime values of h, + h, is a good ap- 
proximation to use in practical calculations where h, + h, is known to vary. 


Harmonic Analysis 


For computation purposes, the sol-air temperature must be expressed as a mathe- 
matical function. A Fourier analysis was made of the curve by the method described 
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by Alford, et alf. This yields an equation as follows: 
te* = teo + a1 COS w + b; sin wi + cos + be sin + . . (A-7) 


where 
leo = 24-hr average sol-air temperature, Fahrenheit. 
a, b = Fourier or harmonic coefficients; subscripts denote the harmonic num- 
ber, no units 
@ = Time, hours 
w = Degrees per hour 


This equation can be reduced to a more usable form, thus: 
te* = beo +le1 COS — B1) + fer cos (2w9 — + . . (A-8) 


where 


Vai? + ke = Va? + 62%; etc. 
b;/a,; tan Bz = b2/ay; etc. 


bey 
tan 


Computation of Inside Surface Temperatures and Heat Flows 
The inside-surface temperature, é;, is computed from the following equation 
ti* = tio + M11 ter cos — By — mii) + bez cos (2w0 — — + . (A-9) 
where 


Miu, Miz 
mij, ML2 


amplitude decrement factors, no units. 
phase lag angle, degrees. 


The amplitude decrement factors and the phase lag angles are computed by the 
Mackey-Wright equations. fj. is the 24-hr average inside-surface temperature calculated 
from the relationship: 


U(beo — te) = hiltic — te) (A-10) 
where 
t, = constant heat sink temperature, Fahrenheit. 
The U value was determined from the relationship 


U he + he 


1 1 


where 


C is the steady-state surface-to-surface conductance value and h, + h; and hj are 
the surface coefficients determined as described above. The heat flow rate, g, from the 
inside surface of the roof section to the heat sink is 


q = hy (ti — Btu/(hr) (sqft), (A-12) 


APPENDIX B 


Evaluation of Transient Heat Flow Component 


Because of the presence of a transient component of heat flow, a study was made to 
estimate its magnitude and duration in all tests. A thermal circuit to represent the 


t Effect of Heat Storage and Variation in Outdoor Temperature and Solar Intensity on Heat Transfer 
Through Walls, by J. S. Alford, J. E. Ryan, and F. O. Urban (ASHVE Transactions, Vol. 45, 1939, Ap- 
pendix III, p. 393). 

* In Fahrenheit degrees. 
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roof section was drawn. This consisted of a number of resistances and capacitances, 
and a cyclic input arranged as in Fig. B-1. The input function was a Fourier repre- 
sentation of the sol-air temperature. The solution of any problem concerning this 
circuit is similar to that for an analagous electrical circuit. Solution of the three simul- 
taneous first-order differential equations which represented this circuit, showed that 
the transient component was substantially zero at the end of 10 hr. About the same 
result was obtained from a solution for a circuit using 2 capacitances instead of 3 and 


Ro, Rm, Ri = thermal resistances of the outer, mid- 
dle, and inner layers, respectively, 
Btu per (hour) (square foot) (Fah- 
renheit degree). 

Co, Cm, Cj == thermal capacitances of the outer, 
middle, and inner layers, respec- 
tively, Btu per (square foot) (Fah- 
renheit degree), (connected to center 
of resistance). 

To, 7; = thermal resistances of the outer and 
inner surface films, respectively, Btu 
per (hour) (square foot) (Fahrenheit 
degree). 

le — sol-air temperature, Fahren- 
neit. 

te = constant heat-sink temperature, 
Fahrenheit. 

ts, tj = outside and inside surface tempera- 
tures, respectively, Fahrenheit. 


Fic. B-1. THERMAL Circuit OF TEST 
SECTION 


solved on an electronic differential analyzer. Because the time lag of the roof section 
was 5 to 6 hours, it was reasoned that the contribution of the transient component to 
the indoor surface of the roof section could be obtained from experimental observations 
as follows: The surface temperatures observed during the first 5 or 6 hours immediately 
following the test period are steady-periodic-state values resulting from the sol-air 
temperature of that period. Because of the time lag, the sol-air temperature of the 
second period has as yet, had noeffect. Furthermore, the transient heat flow component 
of the first period died out 14 hours earlier. Therefore, the transient contribution is 
the difference between the temperatures observed during the first 5 or 6 hours of the 
period being analyzed and the temperatures of the corresponding hours of the second 
cycle or period. A plot of these temperature differences against time and extrapolation 
to 0 at 10 hours, therefore, should yield the complete transient contribution. The 
heat flows computed from this temperature difference curve checked roughly the heat 
stored in the roof section found by computation from the initial and final temperatures 
observed during the period of analysis. Corrections to the observed indoor surface 
temperatures were therefore made according to this principle. 


DISCUSSION 


C. O. Mackey, Ithaca, New York (WRITTEN): This report of experimental studies 
of heat flow through composite roofs is a valuable addition to the literature on heat 
transfer in the periodic state. It should be emphasized that the measured rates of heat 
transfer from the room-side surface of the composite roof are instantaneous rates of 
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heat transfer to uniform surroundings (air and surface) at the same constant tempera- 
ture. These are not instantaneous cooling loads on cooling systems of conventional 
design; only the convection heat transfer, which amounts to about 30 percent of the 
total in these studies, is an instantaneous contribution to the cooling load; the radiation 
emitted by the indoor surface must be absorbed and transferred from the surrounding 
surfaces to the air by convection before it is felt as cooling load. 

The purpose of these experiments was to determine whether the available analytical 
solutions give reasonable results for the instantaneous rates of heat transfer from the 
room-side surfaces of composite constructions. The answer seems to be that they do 
if the two surface coefficients of heat transfer are carefully selected. 

In particular, much care seems to be necessary in selecting the room-side surface 
ceefficient for combined heat transfer by radiation and convection. In some cases, 
the room-side surface of the roof will exchange radiant energy with surfaces that are 
not at the air temperature. This will modify the value that should be chosen for the 
combined surface coefficient, when this coefficient is defined as the rate of heat transfer 
per degree of temperature difference between room-side surface and air. 

The value of this paper would be increased by giving the temperature coefficients and 
lag angles actually used by the authors in the Fourier series of Equation A-8 for the 
four tests. It is hoped that the authors will supply this information in their closure. 

Appendix A is more important than its position in this paper would seem to indicate. 
This appendix gives a brief explanation of the present concept of sol-air temperature. 
This concept has been extremely useful to those concerned with periodic heat flow. 

Appendix B presents an original and interesting method of correcting the observed 
room-side surface temperature to obtain calculated values of these temperatures for true 
periodic conditions when the weather-side conditions are not exactly periodic. It repre- 
sents a contribution to the technique of the experimental study of periodic heat flow. 


HARRY BuCHBERG*, Los Angeles, Calif.: The authors should be commended for a 
carefully executed experimental program which adds to the knowledge of periodic heat 
flow through specific materials under particular boundary conditions. The big problem 
is how to apply this data, determined for single structural sections, when dealing with 
an entire structure and different boundary conditions. 

Examination of the thermal circuit representing a single or multi-room structure 
will show that generally the complex impedances representing the parallel conduction 
paths are dependent not only on the thermal properties of the single structural com- 
ponent but also on what is happening at other parts of the circuit. As presented in 
this paper, the decrement factor and lag angle expresses some average value of the 
complex impedance to heat transfer through a single structural component for a par- 
ticular sol-air temperature cycle and set of boundary resistances. The use of these 
quantities is further restricted to the case where all inside surface temperatures are 
uniform at all times during the cycle and where there are no heat sources feeding into 
the inside surfaces. 

It appears that a better approach to the problem for the case where the inside air 
temperature is constant might be to determine values of complex impedances which 
characterize a particular structural component independent of the sol-air temperature 
and boundary resistances. These complex impedances could easily be determined 
using a network analogue computer for a frequency corresponding to the fundamental 
sinusoid and for additional harmonies if necessary. With these values of impedance, 
instantaneous heat rates into the space could be determined for any sol-air temperature 
cycle and any boundary resistances. 


AutTHors’ CLosurE (Mr. Vild): On behalf of the co-authors and myself, I would 
like to thank Professor Mackey and Mr. Buchberg for their comments on this paper. 


* Department of Engineering, University of California at Los Angeles, 
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We are in perfect agreement with Professor Mackey’s comment that the choice of 
film coefficients is very important in the calculated results, particularly at the inside 
surface. In our calculations, we chose coefficients that were temperature-difference 
weighted averages of coefficients obtained from test results. 

The following are the temperature coefficients and lag angles used in equation A-8. 
These are obtained from a Fourier analysis of the sol-air temperature as described in 
Appendix A. 


Be 


| 12.3 deg 
| —1.5 deg 
| 


—0.3 deg 
4.5 deg 


Mr. Buchberg has outlined a procedure for applying thermal-circuit techniques to 
the solution of a practical cooling-load problem. The complexity of boundary condi- 
tions for a practical case as compared with the simplified case used in our program are 
realized. Our objectives in this program were “to obtain a comparison between the 
thermal behavior of a structure under natural weather conditions and the behavior 
predicted by the Mackey-Wright equations, and to determine the limitations of their 
assumptions”. This limits our choice of “indoor” conditions. Mr. Buchberg also 
suggests an alternate manner of solution which appears to be an extremely complex 
analytical approach. 


Test No. | ike | tet tea Bi 
1 | | 53.9 | 16.1 | 0.3 deg 
2 _ 100.9 | 44.9 17.4 0.0 deg 
3 89.5 48.5 17.8 7.0 deg 
4 | 91.2 | 53.2 | 18.5 5.9 deg 


No. 1546 


VENTILATION OF COMMERCIAL LAUNDRIES 
By SIDNEY MARLow*, NEw York, N. Y. 


HE COMMERCIAL laundry has always been confronted with the problem 

of heat and moisture removal from the workroom. Ventilation must be 
provided to keep temperature and humidity within limits considered safe for 
workers. The main pieces of laundry equipment which subject the workroom 
environment to high temperature and humidity are the flatwork ironers, washers 
and presses. 


FLATWORK IRONERS 


A canopy hood located over the rolls has been found to be the most practicable 


means for ventilating fatwork ironers. Several such hoods are commercially avail- 
able. They usually have hinged side panels with closely spaced glass panes (Fig. 
1). Hinged panels make possible easy access to the ironer for repadding rolls, 
inspection and maintenance. Where feasible, the bottom edge of the hood should 
be placed flush with the top of the sides of the ironer. In this way, air need be 
exhausted only through the working openings of the ends of the ironer. 

Two factors must be considered in determining the rate of ventilation for canopy 
exhaust. First, a minimum control velocity must be maintained at all the open- 
ings between the bottom edge of the hood and the top edge of the machine. This 
velocity is essentially the minimum capture velocity for steam vapor and may be 
fixed as 50 fpm. Secondly, we may safely assume that the hood and duct will 
approach the temperature of the exhausted air passing through it. The tempera- 
ture of the exhausted air should, therefore, be limited to a temperature of 125 F 
to minimize heat transfer back to the workroom, as well as to make the hood safe 
to touch. 

By means of heat balances, it is possible to estimate the exhaust volume neces- 
sary to meet the 2 given requirements. In determining the heat load which must 
be dissipated, only the sensible portion of the delivered boiler horsepower must 
be considered. From Table 1, it will be seen that about 65 percent of the rated 
delivered boiler horsepower is sensible heat. 


* Industrial Hygiene Engineer, Division of Industrial Hygiene, New York State Department of Labor. 
Presented at the Semi-Annual Meeting of the AMERICAN SOCIETY OF HEATING AND AIR-CONDITIONING 
ENGINEERS, San Francisco, June 1955. 
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DEVICE FOR RAISING 3 
AND LOWERING PANELS 


Fic. 1. Canopy Hoop For FLATWORK 
IRONER 


giving the ventilation rate Q in cubic feet per minute as a function of the rated 
flatwork ironer boiler horsepower (bhp) is derived in the Appendix. The most 
common flatwork ironers and the ventilation rates as calculated from Equation 1 
“fs are shown in Table 1, Column 5. 


TABLE 1—SENSIBLE HEAT LOADS AND MINIMUM VENTILATION RATES FOR 
FLATWORK IRONERS 


Cotumn No. 1 2 3 4 5 
RaTED* Approx.» PERCENT Minmum® 
IRONER HP PRODUCTION LATENT RaTEeD BHP VENTILATION 
INCHES Bup LB /ER SENSIBLE RaTE CFM 
2-Roll-100 3.1 75-85 2 | «& 2500 
2-Roll-120 3.8 3000 
4-Roll-100 6.3 150-165 2.3 67 5000 
4-Roll-110 6.8 5400 
4-Roll-120 7.6 6000 
6-Roll-100 9.0 225-250 3.5 65 7100 
6-Roll-110 9.9 7900 
6-Roll-120 10.7 8500 
8-Roll-100 12.8 300-330 4.6 66 10,000 
8-Roll-120 14.2 11,000 
12-Roll-120 | 15,000 


® Determination of Laundry Power Plant Requirements, Special Report No. 146. Bhp ratings taken 
from Table 4, p. 16 (American Institute of Laundering, Joliet, Ill.). 
Wearing apparel and flat work 
© Calculated by Formula — Cim = 794 (bhp) = 794 X Column 1. 


In determining the ventilation rate it is necessary to compare the ventilation 
rate based upon 50 cfm per square foot of net opening with that shown in Table 
1 and then to select the greater of the two. For example, canopy hoods similar 
to that shown in Fig. 1 are to be used for a 2-roll-120 in. and an 8-roll-120 in. flat- 
work ironer. The sides of the canopy hood are flush with the top side pieces of 
the ironer leaving, we may assume, net working openings at each end 12 X 1 ft, 
or a total of 24 sq ft for both sides. From Table 1, the ventilation rates are 3000 S 


HINGED GLASS PANELS } 
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and 11,000 cfm respectively for the 2-roll-120 in. and 8-roll-120 in. ironers. Since 
these rates exceed the 1200 cfm required to maintain the minimum 50 fpm control 
velocity, the ventilation rates from Table 1 are satisfactory. On the other hand, 
if the net working openings were 12 X 3 ft, a ventilation rate of 3600 cfm for the 
2-roll ironer would be required to maintain the minimum 50 fpm control velocity. 

In addition to ventilating the ironer, the hood also provides protection for the 
padded rolls and chests from dust and lint and is a safety guard. 


WASHERS 


The problem of determining the amount of ventilation required for workrooms 
where washers are located is complicated by the lack of available data involving 
heat losses through the washer shells. In addition, the washers are operated 
through a definite cycle where the water changes are rather frequent. The washer 
water temperatures will vary from cold to hot, the exact temperatures depending 
upon the washing formula being used. The maximum temperature encountered 
in practically all washers is 180 F and is used only during the rinsing operations. 
Furthermore, the effective area of the washer shell through which the heat is 


TABLE 2—GENERAL VENTILATION RATES FOR METAL WASHERS 


NOMINAL SIZE | VENTILATION 
INCHES | Rate, CFM 
24 x 24 | 340 
24 x 36 450 
30 x 30 | 530 
30 x 36 600 
30 x 48 | 740 
36 x 36 760 
36 x 54 | 1000 
36 x 64 | 1200 
42 x 36 | 940 
42 x 54 } 1200 
42 x 64 | 1400 
42x72 | 1500 
42 x 84 1700 
42 x 96 1900 
44 x 36 1000 
44x 54 1300 
44 x 60 1400 
44x72 1600 
44 x 84 1800 
44 x 96 2000 
44 x 108 2200 
44x 120 2400 
54 x 84 | 2300 
54 x 96 | 2600 
54 x 108 | 2900 
54 x 120 3100 


Note: Use 25 percent of the cfm rates for corresponding wood washers. 
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transmitted to the surrounding air is practically indeterminate. All these factors 
make it difficult to obtain ventilation rates with any degree of accuracy. 

At best, ventilation rates may be estimated by assuming an average surface 
shell temperature of 160 F and an overall heat transfer coefficient of 3.0 Btu per 
(hr) (sq ft) (F deg) for a metal shell. The effective area of heat transfer may be 
considered to be the surface of the cylinder. Washers are nominally specified in 
terms of the cylinder diameter and length; the cylinder surface area is thus easily 
obtainable. 

The expression derived in the Appendix gives the ventilation rate Q in cubic feet 
per minute as a function of the nominal length N and diameter d (both in inches) 
of a metal washer as 


A list of the various size washers with the exhaust volumes as calculated from 
Equation 2 is given in Table 2. 

The exhaust rates for washers in Table 2 have been based upon maintenance 
of a maximum dry-bulb temperature of 100 F in the workroom. In many plants 


NOMENCLATURE 
A, = effective surface heat transfer area of washer, square feet. 
B = conversion factor, 33,500 Btu per hour (boiler horsepower). 
bhp = rate of heat transfer from ironer and press units, boiler horsepower. 
Cp = = aeecity of water vapor = 0.48 Btu per (pound) (Fahrenheit 
egree). 
D = dry wash entering and leaving system, pounds per hour. 
d = nominal diameter of cylinder of washers, inches. 
G = dry air entering and leaving system, pounds per hour. 
H, = absolute humidity of air entering system, pounds moisture per pound 
dry air 
Hz = absolute humidity of air leaving system, pounds moisture per pound 
dry air 
Ah = change in specific enthalpy of dry air from ft; to fz, Btu per pound dry air. 
L = latent heat of vaporization of moisture in clothing being pressed, Btu 
per pound moisture. 
M = moisture content of clothing entering system, pounds moisture per pound 
dry wash. 
N = nominal length of cylinder of washers, inches. 
Q = ventilation rate, cubic feet per minute. 
q = total heat transferred from presses comprising unit, Btu per hour. 
Sa = average humid heat capacity of air between 100 F and 125 F = 0.30 
Btu per pound humid air (F deg 
s, = humid heat capacity of cutie, air entering workroom = 0.245 Btu per 
pound dry air (F deg) at 4; = 90 F and ty = 75 F. 
st = heat capacity of cotton flatwork = 0.32 Btu per (Ib) (F deg). 
T = wet-bulb temperature of air in workroom, Fahrenheit degrees. 
t, = temperature of flatwork entering. ironer, I Fahrenheit degrees. 
tg = temperature of flatwork leaving ironer = 150 F 
t; = dry-bulb temperature of air entering system, Fahrenheit degrees. 
te = dry-bulb temperature of air leaving system, Fahrenheit degrees. 
ty = wet-bulb temperature of air entering system, Fahrehneit degrees. 
At; = maximum temperature rise of canopy exhaust air from flatwork ironer, 
Fahrenheit degrees. 
A‘ts = difference in temperature between shell of washer and surrounding air, 
Fahrenheit degrees. 
U = washer overall heat transfer coefficient, Btu per (hour) (square foot) 


(Fahrenheit degree). 
v = specific volume of air (at 70 F, v = 13.4 cu ft per Ib). 
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the spent wash water is dumped directly on the floor and is disposed of through 
floor drains. On the floor the water presents a large water to air interface; this 
probably makes the humidity rather than the dry-bulb temperature the con- 
trolling factor in determining the amount of ventilation. Since there is no means 
of estimating the amount of moisture being transferred to the air, it is suggested 
that the exhaust volumes in Table 2 be multiplied by a factor of 2 in determining 
the ventilation rate of washrooms where such practices exist. 

For corresponding size wood washers, the washer overall heat transfer coefficient 
may be assumed to be one-fourth the value for metal washers. Therefore, for 
wood washers of the same size as indicated in Table 2, 25 percent of the exhaust 
volume listed in Table 2 should be used. 


PRESSES 


The use of local exhaust ventilation as a means of heat and moisture removal 
from shirt and garment presses is not practicable because of the nature of the 
pressing operation. A method of general room ventilation of the press area is 
therefore preferred. 


bhp = (60/B) (Q/V) (4 — h) + . (3) 


is the expression derived in the Appendix and in terms shown under Nomenclature, 
giving the ventilation rate, Q, for presses as an implicit function of bhp. Since 
a solution of Equation 3 involves trial and error calculations, it is simpler to solve 
for Q graphically. 


00 
90 
60 
7.0 
a 
Z 
& 
40 
A 
2.0 LA 
« 
LZ 
Oa 
0.6 Fw 
x 
oe A 4 
D=LBS ORY WASH/HR 
o2 ! | 
| 
it 
| EXHAUST RATE, CFM 
100 200 400 600 800 1000 2000 4000 6000 800010,000 20,000 


Air entering workroom assumed to be at a dry-bulb temperature of 90 F and a 
wet-bulb temperature of 75 F. Dry-bulb temperature limited to 100 F; 10 F 
rise in dry-bulb temperature 


Fic. 2. ExHAusT RATE vs. RATED BOILER HORSEPOWER OF 
Press UNIT 


} 
f 
y 
z 
j 


418 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND AIR-CONDITIONING ENGINEERS I 


Fig. 2 represents a plot of Equation 3 showing the required exhaust volume Q q 
as a function of the maximum boiler horsepower of a unit handling an average of ‘ 
D pounds of dry clothing per hour. The straight line labeled Saturated air repre- 
sents moisture saturation of the air at the maximum production rate D. 

A survey of several of the large New York metropolitan commercial laundries 
revealed that the representative production rate fc. shirt pressing units may be 
taken as 12 lb of dry wash per operator per hour. However, 2 commercial units, 
one of which incorporated a double bosom press, were able to produce as much 
as 15 lb per operator per hour. It was also found that a production rate of 12 
lb per operator per hour is representative for general apparel pressing units where 
1 operator is assigned to each general apparel unit. 

The determination of the maximum boiler horsepower consumed by the various 
press units would require calorimetric measurements of the steam at the press 
inlet and outlet as well as weighing the condensate over a definite period of time. 
For the same type of unit this value would, in all probability, vary from plant to 
plant, depending upon the condition of the steam being fed to the press, the nature 
of production, and the design and type of bucks used in the presses. For the 
purpose of assigning a definite maximum boiler horsepower rating to the various 
type presses commonly used, the manufacturers rated boiler horsepower of the 
various presses were tabulated and a representative rating selected for each type 
press as shown in Tables 3 and 4. 

A list of practically all the various types of units used with recommended ex- 
haust rates is given in Tables 5 and 6. Since one operator is assigned to an ap- 


TABLE 3—BoILER HORSEPOWER (BPH) RATINGS FOR SHIRT UNIT PRESSES 


ASSIGNED APPROXIMATE SIZE OF Buck 

Suirt UNIT PRESSES INCHES 
Combination Bosom and Body Press........... 3.5 40x18x li 
Cuff and Gusset Press (Double Cuff Press)...... 0.75 8x8x4 
0.75 20 x 8 each 
One Lay Double Sleeve Press.................. 0.54 24 
0.30 20 x7 


TABLE 4—BoILER HorsSEPOWER (BHP) RATINGS FOR APPAREL PRESSES 


APPAREL | ASSIGNED APPROXIMATE SIZE OF 

PRESSES | BuP Buck, INCHES 
0.37 18 x 10 
Press, Tapered... 0.47 21x12 
Apparel Press, Rectangular.................... | 1.9 53 x 18 


| 
| 
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TABLE 5—GENERAL VENTILATION RATES FOR SHIRT PRESSING UNITS 


PRODUCTION MAXIMUM RATE 
LB /HR Unit, BHP CFM 

. Collar & Cuff | 
Combination-Bosom and Body | 
Two Lay Sleeve | 


| EXHAUST 
PRESSES COMPRISING UNIT OPERATORS | 


2 | 24 2.52 6200 


3 36 2.82 


2. Coller & Cuff 
Yoke 
Bosom 
Double Sleeve Form | 
3. Collar & Cuff | 
Yoke | 3 36 
Bosom 
Two Lay Sleeve | 
. Collar & Cuff | 
Yoke | 2 | 24 2.84 
Combination-Bosom and Body | 
Two Lay Sleeve 
. Collar & Cuff | 
Bosom | 
Body 
| 
| 


7000 


n 


Double Sleeve Form 
. Double Cuff & Gusset 
Single Collar 


a 


oke 

Combination-Bosom and Body 
Double Sleeve 

Double Sleeve Form | | 
Two Lay Sleeve (2) 
Collar and Cuff 
Yoke 4 48 4.11 10, 000 
Body | 
Bosom 
8. Double Sleeve | 


Yoke 
Combination-Bosom and Body 
Bod 


y 
Single Collar 
Double Cuff 
Double Sleeve Form 


4 48 4.12 10, 000 


Bosom 3 36 4.11 11,000 ; 

Collar and Cuff 

One Lay Double Sleeve 
10. Two Lay Sleeve (2) 

Collar and Cuff 

Yoke 3 36 4.11 11,000 

Body 


Bosom 
11. Combination-Bosom & Body 
Bod 


y 
Double Cuff 4 48 4.57 12,000 
Collar & Cuff 


Yoke 

Double Sleeve Form 
12. Two Lay Sleeve (2) 

Double Collar 

Body 4 48 4.86 12, 500 


Yoke 
Double Cuff 
13. Two Lay Sleeve (2) 
Combination-Bosom and Body 
Double Cuff 4 48 4.86 12, 500 
Double Sleeve 
Body 
14. Double Sleeve 
Double Cuff & Gusset 
Single Collar 4 60" 6.05 } 16, 000 


Body 
Double Sleeve Form 
Double Bosom (Tiltor) 


® High production, 15 lb /operator per hr. Average production, 12 Ib /operator per hr. 


| 6600 
6600 
| 
9000 
| 
| 
9. Yok 
Bod 
| | | | 
| | 
| 
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parel unit, the average production rate of 12 lb per operator per hour applies for 
the unit. For combinations of presses comprising units not listed, the exhaust 
volume may be obtained by determining the maximum unit boiler horsepower 
and production rate and using Fig. 2. 

In order to increase the productive capacity of flatwork ironers, some laundries 
precondition the extracted wash before sending it to the ironers. The extracted 
wash is dried in a heated tumbler ventilated to the outside usually to a moisture 
content less than 0.1 lb of water per pound of dry wash. With such a low moisture 
content, the wash can be passed through the rolls at a much faster rate increasing 
the productive capacity of the ironer. If the productive capacity of the ironer is 
increased in the same proportion as the decrease in moisture content of the pre- 


TABLE 6—GENERAL VENTILATION RATES FOR APPAREL PRESSING UNITS 


MAXIMUM EXHAUST 
PRESSES COMPRISING UNIT UNIT TE 
BHP Crm 
“oke 
Mushroom 
5. Tapered or rectangular Apparel............. 2.64 7,400 
Mushroom (2) 
6. Rectangular Apparel (2).................... 4.12 12,000 
Yoke 
Yoke 
Mushroom 
9. Rectangular Apperel (S)..... 5.70 16,000 


Note: Average production, 12 lb/hr. One operator per unit. 


conditioned wash, Equation 3 remains unchanged. The exhaust volume for the 
prescribed conditions is, therefore, seen to be a function only of the rate of moisture 
evaporated, MD. 

In the case of flatwork ironers general ventilation might be considered as an al- 
ternative to local exhaust ventilation. Consider a typical 2-roll-120 in. and an 
8-roll-120 in. ironer rated at 3.8 and 14.2 bhp, respectively. For family flatwork 
with net identification, the production usually obtained from each of the above 
ironers would approximate 100 lb per hour for the 2-roil ironer and 400 Ib per 
hour for the 8-roll ironer. The exhaust volumes from Equation 3 for each of 
these ironers are 6400 and 20,000 cfm respectively. 

If canopy exhaust hoods are used with each of these ironers, minimum local ex- 
haust rates of 3000 and 11,000 cfm (Table 1) are required. Assuming these rates 
exceed those based upon 50 cfm per square foot of net opening, it is quite obvious 
that general ventilation requirements for ironers will be approximately twice as 
great as the local exhaust rates listed in Table 1. 

In determining the actual design exhaust volumes, it is necessary to consider 
several factors present in the workroom affecting the removal of heat by the ex- 
hausted air. A non-uniform airflow distribution caused by obstructions located 
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between the fan and the presses, the presence of washers near the press area, 
additional heat being generated by hand ironing, etc., must be evaiuated in terms 
of a safety factor by which the minimum exhaust volume must be multiplied. It 
is usually not necessary to exceed a safety factor of 2. 


EFFECTIVE TEMPERATURE 


Effective temperature may conceivably be used as a basis for design instead of 
the dry-bulb temperature. Theoretically, this would be more desirable. The 
effective temperature for a given subject is a function of the air movement as well 
as the dry- and wet-bulb temperatures as shown in Fig. 3. A superficial air velocity 
would therefore have to be computed from the total exhaust volume and the size 
of the workroom. The heat load and the amount of moisture released to the work- 
room are fixed by the type of unit and its productive capacity. It would, there- 
fore, be necessary to proceed by trial and error to chose an exhaust volume that is 
compatible with Equation 3 as well as with Fig. 3. Since this would be a lengthy 
procedure which is not warranted by the accuracy of the data describing the con- 
ditions in the workroom, it is not recommended. 


Fan LOCATION 


The location of the fan and the points of air make-up to the workroom are the 2 
important factors influencing the direction and path of air movement within the 
workroom. Since it is common practice to have the flatwork finishing and washers 
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located in separate sections, if not separate rooms, air movement must be directed 
in such a manner as to prevent the hot moist air from mixing with the general 
room air. 

If washers are located in a line along an outside wall, a series of propeller fans 
mounted in the building wall or windows may be used as shown in Fig. 4. A 
number of small fans will distribute the air flow better than one large fan. A 
deflector located above the washers will also improve the air flow pattern. It is 
also desirable to use outside baffles to prevent the wind from adversely affecting 
the capacity of the fans. When direct discharge would create a nuisance, stacks 
discharging above the roof should be provided. If the outside wall is next to an 
adjacent building or if the washers are located next to an interior partition, air 
must be exhausted through the roof as shown in Fig. 5. If washers are not located 
near walls, roof ventilators located above the washer and discharging through the 
roof are satisfactory. 

Press areas may be ventilated in the same manner as the washers. Exhaust 
fans can be mounted in windows of the walls close to the presses with the bottom 
of the fans approximately even with the top of the presses. Where this type of 
exhaust arrangement is not possible, an overhead duct exhaust system with grilled 
openings located above the press units has been used effectively. 

In order to control air movement and prevent contamination of makeup air 
entering the workroom, makeup air inlets should be located between the press 


EXHAUST FANS IN WINDOWS 


ee 
| 
42°36 42°86" 42°64 
| MAKE-UP AIR THROUGH ROOF SKYLIGHT VENTS | 
J 
WORK TABLES (WRAPPING, MARKING, 
SORTING,ETC.) NOT SHOWN. 
FOR WINDOW FAN RATINGS, SEE TABLE. 
6 ROLL 120" IRONER 
| 
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and washer areas. The simplest method of doing this, for a one-story building, 
is through skylight vents located in the roof. This must be taken into account 
in the choice and in the design of buildings to be used for laundries. 


The ventilation rates given in Tables 5 and 6 have been based upon definite 
outdoor conditions, namely, a dry-bulb temperature of 90 F and a wet-bulb tem- 
perature of 75 F. Since the actual outdoor conditions will vary throughout the 
year, these rates can only be used as a basis for choosing the size and number of 
fans. The infrequent number of days encountered during the summer months 
in New York State which might impose more severe conditions does not warrant 
a more rigid basis. On the other hand, these exhaust rates are greater than actuaily 
required during the winter months. It is, therefore, necessary to proceed in the 
same manner as in air conditioning design; namely, to choose the equipment on 
the foregoing basis and to adjust the operation of equipment depending upon the 
outdoor conditions. Thermostatic controls, as used in air conditioning installa- 
tions, are not warranted in the case of laundries; manual adjustment, by simply 
shutting off one or several of the fans is satisfactory. In this manner, sufficient 
flexibility is attained for proper operation throughout the entire year. 


VENTILATION IN A TYPICAL COMMERCIAL LAUNDRY 
To illustrate how these principles are applied, consider the typical commercial 


laundry shown in Fig. 6. The design requirements for this laundry are tabulated 
in Table 7. 


TABLE 7—VENTILATION REQUIREMENTS FOR A TYPICAL LAUNDRY 


LAUNDRY EQUIPMENT DESIGN EXHAUST 


INCHES RATES FAN Locations & SPECIFICATIONS 
Washers 42 x 36 | 940 | Install 3 fans at window locations 

42 x 54 / 1200 A, C, D, each capable of exhausting 

42 x 84 1700 900 CFM; at location B, 1200 


42 x 84 1700 | CFM; at E, 1700 CFM. 


Total: | 5540 CFM | 5600 CFM 


Ironers 1-120” 6-Roll | 8500 CFM | Install canopy hood (Fig. 1). Duct 
Local exhaust | (Table 1) | fan for canopy exhaust selected to 
exhaust 5200 CFM at system re- 
sistance. 
Presses 1-4 girl 12,000 CFM Install at window location F, fan 
shirt unit capable of exhausting 9,000 CFM; 
(#11 from Table 5) at window of location G, 3,000 
CFM. (Total: 12,000 CFM) 
5-Apparel 37,000 CFM Install at window locations, H, I, 
press units (7400 CFM per| J, K, 4 fans each capable of ex- 
(45 from Table 6) unit) hausting 10,000 CFM (Total: 
40,000 CFM) 


Total: | 49,000 CFM | 52,000 CFM 
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APPENDIX 


FLATWORK IRONERS 


To estimate the ventilation rate which would limit the temperature of the exhausted 
air to 125 F, it is necessary to make a heat balance. Sensible heat is transferred from 
the ironer rolls to the flatwork and the air passing under the hood. As shown in Table 
1, column 4, approximately 65 percent of the delivered bhp is sensible. The remainder 
of the delivered bhp is dissipated as latent heat in vaporizing the moisture from the 
entering flatwork. 

To simplify calculations, we may assume an average heat capacity of 0.30 Btu per 
(Ib) (F deg) and an average specific volume of 16.4 cu ft per Ib for the moist heated air 
covering the range between 100 F and 125 F. The temperature of the wet flatwork 
entering the ironer may be considered to be at the wet-bulb temperature of the work- 
room air. The air entering the workroom is assumed to be at a dry-bulb temperature 
of 90 F and a wet-bulb temperature of 75 F. Since the temperature rise in the work- 
room is limited to 10 deg, the workroom wet-bulb temperature will be equal to 78 F. 
This temperature, ¢;, will be considered the temperature of the flatwork entering the 
ironer. The temperature of the flatwork leaving the ironer, f., may be assumed to 
be equal to 150 F. The specific heat of the cotton flatwork, ss, may be taken as 0.32 
Btu per (Ib) (F deg). 

A heat balance of the sensible portion of the delivered bhp leads to the following 
expression: 


0.65 B [Flatwork bhp] = 60 (Q/V) sa Ati + Ds¢ (tp — ti) (A-1) 


After substituting the appropriate values for the terms in Equation A-1 the following 
is obtained: 


Q = 794 (bhp) -0.84D ......... (A-2) 


The second term, 0.84 D, represents the amount by which the ventilation rate must 
be lowered to account for the heat transferred to and taken away by the flatwork. 
This term represents less than 3 percent of the ventilation rate and may therefore 
be neglected. The abbreviated Equation 1 is used to calculate the ventilation rates 
given in Table 1. 


WASHERS 


Consider a washer room completely isolated from the rest of the laundry. The 
make-up air temperature may be taken as 90 F. If the temperature rise is limited 
to 10 F, the change in specific enthalpy of the air (assumed to be dry) will be 2.40 Btu / 
Ib. The foregoing assumptions make it possible to make a heat balance resulting ia 
the following expressions: 


Q = (Uv Ah) A,/(Ab KX 60). (AS) 
Considering the surface of the cylinder to be the effective heat transfer area, we obtain 
A, = 0.0218 d[N + (d/2)]}. . . . ... (A-4) 


Combining Equations A-3 and A-4 and substituting the following numerical values, 
U = 3.0 Btu per (hr) (sq ft) (F deg), Atg = 60 F, v = 13.4 cu ft per lb, h = 2.4 Btu 
per Ib, the exhaust volume becomes a function of the nominal size of the washer as 
in Equation 2. 


PRESSES 


Consider an ideal situation where the presses which comprise a unit finishing a com- 
plete garment are isolated in a room separate from the other laundry equipment so 
that material and heat balances may be computed (Fig. A-1). 
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This system is analogous to a nonadiabatic humidifier with the moisture being added 
to the entering air from the wet clothes. A heat balance for the system gives 


Q D LBS 
DRY WASH/HR 


to, Ho 


PRESS [| ROOM 


q,8TU/HR| 
C4 


t, ,H, DRY WASH/HR 


Fic. <A-1. HEAT AND MATERIAL 
BALANCE AROUND A PREss ROOM 


A material balatce for the system gives: 


Mm) = MD. . . . (A-6) 
Since 
Q = (Gv/60) ... . (A-7) 
and 


Equations A-5 and A-6 may be rewritten as in Equation 3 or these same equations 
1 1 
may be further rewritten as 


= H, + 0.223 (MD/Q) . . . . .. (A-9) 


For the computations which follow, the entering air is assumed to be at a dry-bulb 
temperature, f; equal to 90 F and a wet-bulb temperature, ty equal to 75 F so that the 
absolute humidity, JZ), of the entering air as obtained from the humidity chart is equal 
to 0.0152 lb of water per pound of dry air. 

In New York State, Industrial Code Bulietin No. 27 (the Laundry Code) does not 
permit the dry-buib temperature in the workroom to exceed the outdoor dry-bulb 
temperature by more than 10 deg. Therefore, the limiting temperature in the work- 
room /s is assumed, in these calculations, as 100 F. The moisture content of clothing 
leaving the extractor and brought to the presses may be considered equal to 0.50 Ib 
of water per pound of dry clothing. Actual measurements made at a local laundry 
substantiate this value. 

By using D as a parameter and holding it constant, and assuming a series of values 
for Q, it is possible to solve for H, in Equation A-9 for various values of Q. Knowing 
Hz and tz, T can be obtained from the humidity chart and in turn LZ which varies with 
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T. By substituting the values thus obtained Equation 3 can be solved for bhp. In 
this manner, a relationship between Q and bhp may be obtained with D as a parameter. 

We may note that the ventilation rates for presses are based on the overall transfer 
of heat between the press room and the outside. Even though heat is transferred to 
the work, it is dissipated within the workroom so that the net effect is actually as de- 
picted by Equation 3. 


DISCUSSION 


G. M. Hamaf, Detroit, Mich. (WRITTEN): I have read with interest Mr. Marlow’s 
paper on Laundry Ventilation. His determinations for airflow represent considerable 
work in obtaining data on a large variety of commercial laundry equipment. Mr. 
Marlow has tabulated the heat loads for a number of laundry machines; by assuming 
a temperature rise in the exhausted air he has determined the volume of air necessary 
to remove the heat from each machine in question. This work is an excellent con- 
tribution to the field of ventilation in giving a basis for minimum airflow requirements 
for laundry operations. 

In considering the practical use of this data, I believe it would be well to consider 
the airflows suggested as minimum rates rather than optimum rates. Mr. Marlow’s 
paper presents rates which are calculated to produce cooling in the working room area 
which will result in a maximum room temperature 10 F. in excess of the outdoor tem- 
perature. Inasmuch as the purpose of ventilation for many laundries will be comfort 
rather than the 10 deg differential, it appears that airflows greater than Mr. Marlow’s 
suggests should be used. The reasons for this are as follows: 


1. The effect of radiant heat is not considered in the calculations. High temperature 
surfaces may produce overheating in the workers even if the air temperatures are low. 
Aluminum shielding will reduce this radiant heat effect. However if shielding is not 
provided, additional velocity over the worker may be necessary to offset the effect of 
the radiant heat. 
2. In climates where the outdoor temperatures becomes high, a 5 deg or less increase 
in workroom temperature over outdoor temperature may be necessary for comfort. 
Inasmuch as it is not necessary to heat the air such as in winter time makeup [air con- 
ditions, the moving of larger volumes of air will not be a high cost item. 
3. The airflows for the canopy hoods over the flatwork ironers are based on a capture 
velocity of 50 fpm. This control velocity is for quiet air conditions. In many plants 
a control velocity of 100 fpm or more may be necessary because of cross-drafts. 
4. The paper assumes that all the heat given off by the laundry process in question 
will be removed by the calculated volume of air as rapidly as it is formed. This may 
or may not be true. The rate of conductance for thermal convection varies with the 
shape of the object cooled and the velocity of the cooling stream of air. It may be 
necessary to increase the volume of air exhausted to achieve the proper rate of heat 
removal. 
5. The typical laundry problem suggests exhaust fans in the windows and makeup 
air intakes in skylights. Temperatures of air on building roofs are often considerably 
higher than outdoor air in shady places. If this arrangement is necessary higher air- 
flows would be required. Makeup air from the east or northside of the nena would 
be preferable from the temperature standpoint. 
6. Spillage of water, the dumping of wash water on the floor and other wet condi- 
tions prevalent in laundries increases the moisture in workroom air. The practice 
Sug ested rd the author of multiplying the recommended washroom airflow by 2 should 
be followed 


H. H. Reicu, Pittsburgh, Penna. (WRITTEN): The writer has studied with great 
interest this creditable paper and offers the following comments for such benefit as 
they might be to members and the author. 


t Bureau of Industrial Hygiene, Detroit Department of Health. 
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With reference to the example worked out in Table 7 and Fig. 6, the total ventilation 
requirement would be 62,800 cfm. The writer has made a rough floor layout to de- 
termine the size of room required for the amount of equipment selected including liberal 
aisle and working space and has arrived at a size 70 feet X 43 feet. Assuming a 14 
foot ceiling, there would be a gross volume of 42,200 cu ft and, neglecting the volume 
of the machinery, 90 air changes per hour. This number of air changes would present 
difficult problems in distribution of make-up air and would result in prohibitive heating 
costs in winter. As to the latter factor, it would appear that the make-up air should 
be brought in through tempering coils rather than through skylight vents as illustrated 
in the article. The writer's design experience in the heating and ventilating of laundries 
has resulted in considerable less quantities of air for corresponding equipment and 
correspondingly less number of air changes. 

In reviewing the paper to determine wherein the writer’s design practice differed 
from the author's, I have arrived at the following possible sources of excessive ventila- 
tion requirements: 

Flatwork Ironers: This equipment is often purchased with hood and fan. The ex- 
haust rates given by the author appear to be in excess] of manufacturers’ standards. 
As an example, one well-known manufacturer exhausts 2400 cfm and uses a %¢ hp 
fan motor with the hood of a 6 roll, 120 in. ironer. 

Washers: The equation 2 is derived from an assumed average surface temperature 
of 160 F. In an average washing formula, if there be such an average, only one 5 min 
cycle would be at 180 F. There might be 2 cycles totaling 12 minutes at 160 F. The 
balance of time, approx 48 min, would be at temperatures varying from room tem- 
perature to 160 F. The average temperature of 160 F would thus appear to be approx 
30 F high. 

Presses: The ventilation rates are based upon a dry-bulb temperature increase of 
10 F. The limiting of the room temperature is, of course, necessary. The writer pre- 
sents, however, that a higher air temperature rise across the presses can be allowed 
without appreciably increasing the temperature of the room. It is necessary that 
exhaust fans draw the air over the presses directly to the outside and, axiomatically 
that the presses be located as clese to the outside wall as practicable. This is essen- 
tially the layout of the author’s example. According to the data in the article, the 
exhaust rate for a unit of 2.64 Bhp with 12 lb/hr production would be 7,400 cfm. If 
a temperature rise of 35 F is allowed, the rate, according to Equation 3, would be ap- 
prox 2,140 cfm. The 35 F temperature rise was selected only as an example to illus- 
trate that considerable savings in ventilation air could be accomplished by allowing a 
more practical temperature rise of the air between the presses and the exhaust fans. 


J. D. Stemmons, Delaware, Ohio: I believe that a lot of us have found in producing 
some degree of comfort without cooling the velocity of air is vitally important, 

When people are working in areas that have large radiant heating surfaces consider- 
able benefit can be had if the air is brought into these rooms directing it upon the people 
as they are working. 

Laundry machinery hoods are large radiating surfaces. It is agreed that large 
quantities of air must be exhausted from these work areas. 

It is however, difficult to control air flow in a room by simply dumping in air and 
exhausting it out. Ventilation air blown directly upon the body of a worker exposed 
to excessive heat, both radiation and convection, tends to relieve surface temperatures, 
increases evaporation with considerable relief to the worker. 

Velocities may require some variation depending upon individuals. However, veloci- 
ties up to 1000 fpm and volumes of 2000 cfm and more are often desirable for each 
individual. 


H. F. Utovec, Los Angeles, Calif.: My comments will reflect some of the practical 
experience we Lave had in laundry ventilation installations. 
Exhaust air velccities and air volume are not the complete answer to comfort work- 
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ing conditions in laundries. Supplement makeup supply air should be introduced at 
spot locations through high-velocity outlets directed at the workers around tumblers 
and mangles. Wherever possible we also try to introduce the supply air just above 
the floor through plenum chambers below work tables. In connection with press room 
areas particularly in hotel and institution laundries where the presses generally are 
closely grouped and ceiling heights are low we have found that the air change ventila- 
tion methods are not satisfactory. In such areas we recommend a reduced air change 
together with mechanical cooling for the supply air. 


AuTHoR’s CLosuRE: The several questions raised by Mr. Reich are very weil taken. 
I] would like to consider each of these points separately. 

Make-Up Air: The actual size of the workroom, part of which is shown in Fig. 6, 
is 84 ft long by 60 ft wide and 12 ft high. The volume of the room is approximately 
61,000 cu ft. For a total exhaust volume of 63,000 cfm, there would be about 63 air 
changes per hour. This value, when compared with air change schedules given for 
various types of rooms and spaces, may appear to be unusually high. However air 
change can not, in itself and particularly in this case, be used as a design criterion for 
ventilation. The basis of ventilation for heat removal is essentially dilution ventilation, 
where the (contaminated) heated air is (diluted) cooled by the cooler make-up air. | 
might add by analogy that in industrial process ventilation for the control of toxic 
vapors, ventilation control may be achieved through local exhaust or dilution (general) 
ventilation. Where the latter is used, the air quantities are usually very high. The 
application of dilution (general) ventilation for control of heat, as in laundries, neces- 
sitates the use of large exhaust volumes. 

Secondly, the question of heating the make-up air is superfluous. The purpose of 
providing ventilation is the removal of excessive heat and moisture from the laundry 
workroom. The ventilation rates given in the paper are based on definite outdoor 
conditions, namely a dry-bulb temperature of 90 F and a wet-bulb temperature of 
75 F. Laundry ventilation designed on this basis will give exhaust rates greater than 
actually required during the winter months. During the winter it would be necessary 
to shut off one or several of the fans in order to obtain an adequate heat balance within 
the workroom. The basis for design given in the article should satisfy the summer 
pericd when ventilation is most needed. The infrequent number of days encountered 
during the sumn.er months in New York State which might impose conditions of greater 
severity than the design conditions does not warrant a more rigid basis for design. 

Flatwork Ironers: 1 do not know the manufacturer of tlatwork ironer hoods to which 
Mr. Reich referred. However, general data supplied by one such manufacturer specities 
16 in and 18 in disc fans for 4, 6, and 8 roll ironers. A 34 hp motor is specified for 
driving the fan. The manufacturer rates the fan at 2500 cfm at 34” resistance. No 
attempt is made to base the exhaust volume on the heat load (size) of the ironer. In 
addition the air volume specif.ed by the manufacturer appears to be over-rated. An 
inspection of the fan rating tables of several fan manufacturers of the type fan that 
would be used, reveals a maximum rating of 1940 cfm at 34” S.P. for an 18 in fan running 
at 2470 rpm. Unless relatively high pressure vane axial or tube axial fans are used, 
which is quite unlikely, the specitications set forth by the manufacturer of the flatwork 
ironer hood appear to be unreliable. 

In addition, one of the criteria determining the ventilation rate for laundry flatwork 
ironers is the temperature rise permitted within the canopy hood. A maximum tem- 
perature of 125 k was selected in computing the ventilation rates in Table 1. For these 
ventilation rates, no prerequisites as to the type of hood construction or insulation 
was assun.ed. In cases where double-wall construction and/or other means of hood 
insulation is used, the ventilation rates given in Table 1 may conceivably be reduced. 
However, the effect of such insulation is unknown. Therefore, t feel that the ventila- 
tion data given in Table 1 may best be used as is. 

Washers: As pointed out in the paper, the ventilation rates for washers can only 
be estimated without any great degree of accuracy. The greatest factor of uncertainty 
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is the effective heat transfer surface area rather than the washer shell temperature. 
It is quite true that the choice of 160 F or any other temperature between 100 and 
180 F can only be described as an educated guess. Mr. A. M. Harp who has prepared 
a Laundry Ventilation Manual for two well-known manufacturers also arrived at an 
average washer shell temperature of 160 F. 

Presses: The ventilation rates for presses may be based on any permissible increase 
in dry-bulb temperature. In New York State, Industrial Code Bulletin No. 27 (the 
Laundry Cede) does not permit the dry-bulb temperature in the workroom to exceed 
the outdoor dry-bulb temperature by more than 10 deg. The area around the presses 
where the operator is located is considered a part of the workroom. To permit a higher 
temperature rise based on 90 F dry-bulb outside make-up air would therefore be in- 
consistant with the requirements of the New York State Laundry Code. 

Both Messrs. Slemmons and Ulovec suggest the use of a separate make-up air sys- 
tem, with the make-up air outlets as close as possible to the workers. Such an arrange- 
ment would take advantage of the higher air velocity at such points to produce an 
added cooling effect. However, a make-up air supply system is usually applicable 
where an exhaust system is controlling gaseous or particulate contaminants. In geo- 
graphical areas where heating requirements are considerable—and in buildings that 
are tightly constructed,—tempered make-up air provided by a separate system is 
usually the only practical means of balancing the exhaust system. In warmer climates 
where buildings require little or no heat, natural infiltration through open doorways 
or windows generally proves to be satisfactory. In the case of laundries, where there 
is no problem of tempering make-up air, natural infiltration should be adequate. 

The ventilation rate of 2000 cfm per individual worker as suggested by Mr. Slemmons 
does not consider the heat load of the laundry equipment. I therefore cannot see any 
basis for the use of such a figure. 

I must agree with Mr. Ulovec’s comment that general ventilation is not the most 
effective means of controlling excessive heat and moisture in the laundry workroom. 
The basis for ventilation depends on a differential between the outdoor and indoor 
temperatures. It is conceivable that in certain geographical locations, or under certain 
climatic conditions, this differential may prove to be insufficient to lower appreciably 
the laundry workroom temperature. Air conditioning is the alternative and I might 
add, more costly. 

Mr. Hama states that the purpose of ventilation for laundries should be for comfort. 
This, I believe, should not be the case. Ventilation is needed not to keep workers 
comfortable but actually to prevent acute discomfort or physiologic damage due to 
abnormally hot and/or humid atmospheres. The ventilation rates presented are meant 
to be minimum rates keeping this purpose in mind. 

Since saturated steam is fed to the steam chests and bucks at about 100 psig, the 
surface temperature of the rolls or bucks would be approximately 340 F. The effect 
of radiation, when compared with the conduction and convection effects, may therefore 
be neglected. 

Mr. Hama suggests a capture velocity of 100 fpm or more for the flatwork canopy 
hoods. The 50 fpm suggested in the paper is a minimum value and should be increased 
where conditions warrant. 
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AIR CONDITIONING COIL ODORS 


By A. B. HuBBARpD*, BLOOMFIELD, N. J., NICHOLAS DEININGER** AND FREDERICK 
SULLIVAN**, CAMBRIDGE, MAss. 


XTENSIVE field investigations and thorough laboratory experiments have 
established a method of predicting the odor performance of cooling coils used 
in air conditioning. The equipment designer not experienced along these lines 
may, in choosing coil surfaces, set up a small but troublesome probability of com- 
plaints of foul odor easily traceable to the air conditioner discharge grille or duct. 
It is necessary at the outset to distinguish carefully between 2 categories of 
odor trouble. The more common odor complaint is the result of too much tobacco, 
food, body odor, or combinations of these being produced for the amount of ven- 
tilation or infiltration air available to dilute them. The offending odors plainly 
indicate their origin, such as tobacco, food or body odor. Installers and service- 
men are prepared to correct such situations through intelligent appraisal and ac- 
tion. The routine odor difficulty has 2 unique characteristics; the odor is easily 
identifiable as to origin, and the air-conditioning system is not its focal point. 
There is no need to elaborate on this ordinary odor problem. 

The other type of odor trouble is the subject of this paper and is called by ex- 
perienced servicemen, air-conditioning odor, coil odor or air-conditioning coil odor. 
Coil odor is not only very foul and disturbing, but is both foreign and familiar to 
every layman. It is foreign in that such a blend never occurs in any other con- 
nection. It is familiar because coil odor vividly reminds each person of his most 
revolting odor experience. Different people may describe the same odor situation 
in terms varying from stale cigar butt through rotten eggs to dead rat. Another 
distinctive symptom of coil odor is that it clearly comes from the air conditioner. 
The onset of coil odor takes 1 of 2 forms. It may appear in full force within a 
week of installation. On the other hand, the early indication may be only a 
puff of foul odor during the morning start-up. In either case, the premises may 
be overwhelmed for several weeks during September and October, particularly 
when a long sustained spell of hot weather suddenly moderates. 

A research program, active for almost four years, was started in the fall of 1948. 
The opening phase of the program was a lengthy field investigation of store cooler 
installations in highly industrial and commercial districts of New York, New Jer- 
sey and Philadelphia areas. A team of engineers visited a large number of air- 
conditioned commercial establishments, mostly selected at random, to obtain 
first-hand knowledge of odor conditions and to discuss these with users. Due to 
the ditficulty of describing odors, normal channels had generally produced vague 
and contradictory infermaticn. It was felt necessary to build up a solid founda- 
tion of facts before a scientific approach could be planned. 


* Liaison Engineer, Air Conditioning Division, General Electric Co. 

** Senior Research Chemist, Arthur D. Little, Inc. 

Presented at the Semi-Annual Meeting of the AMERICAN SOCIETY OF HEATING AND AIR-CONDITIONING 
ENGINEERS, San Francisco, June 1955. 
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FIELD INVESTIGATION OF ODORS 


Early in the field study 2 classes of odor difficulty, as just described, became 
apparent, and it was clear that effort should be concentrated on further investiga- 
tion of the coil odor phenomenon. The survey revealed 13 installations having 
coil odor and to which experimental access could be arranged. 

The selected coil odor cases had in common varying degrees of tobacco, food 
and body odor as suspected primary sources from which edor accumulation could 
be drawn. All these units had bare copper coils. Although bare copper had 
been used successfully for over 15 years, it was decided to test the persistent rumor 
that copper accumulates foul odor. One store cooler was selected for experi- 
ment. This unit was in a night club with year-round cooling load, and there 
were competitive units, with different coil surfaces, on the same premises. Highly 
thinned red alkyd base paint was flow-coated on the copper coil surface in place. 
When improvement was noted, the remaining installations selected for experiment 
were similarly treated one at a time as justified by preceding experience. Results 
proved fair to excellent. 

The investigating team of engineers inspected each of the experimental jobs 
at monthly intervals for a period of 1 year. Visits to other installations were 
also kept up to provide general experience and a basis for comparison. 

Various approaches were made to determine the mechanism of coil odor. For 
example, numerous samples of condensate were collected and analyzed. Parts 
per million concentrations of many contaminants were noted. These included 
sulfates, nitrates, nitrites, chlorides and phenol. Some of these correlated fairly 
well with coil odor conditions. However, glaring exceptions were evident, and no 
individual condensate analysis could be used to predict susceptibility to coil odor. 

After a year of experience, the field investigating team had accumulated a store 
of empirical know-how, but found itself in an unsatisfactory situation. Odor 
trouble could not be accurately predicted, and the ability to diagnose air-condi- 
tioning odor and prescribe corrective action could not be readily transferred to 
others. No positive conclusions of importance could be stated. For instance, it 
could only be said that a very small percentage of bare copper coils would develop 
odor; the majority were acceptable, and many were excelient. It could not be 
said that tinned copper coils were immune to odor; investigtion had turned up 
some aggravated cases of odor on such coils. Coil odor is unknown in some areas 
and fairly common in others. Some establishments, such as a particular delicates- 
sen-meat market, had a high level of odors of all varieties, but no signs of coil 
accumulation. On the other hand, there was the unlikely case of coil odor in an 
appliance showroom with no discernible background odor except from smoking 
during infrequent sales meetings. 

Thus it was apparent that the research program should go into a laboratory 
phase where scientific methods and controls could be used to clear up the con- 
tradictions and answer the questions raised by the field study. It was further 
apparent that the objective of a laboratory program should be to reveal the mech- 
anism and fundamentals of coil odor. Arrangements were made to take up the 
scientific phase in an Odor and Flavor Laboratory in Cambridge, Mass., and the 
program called for close cooperation between the field study team and the labora- 
tory engineers and scientists with related odor skill and experience. 

The first move was to design and construct a test room where 4 conveniently 
small coils, having different surfaces, could be operated under controlled odor 
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input conditions. It was then necessary to adapt a suitable method of odor 
measurement, to develop test procedures and to analyze data to rate the odor 
properties of various cooling coil surfaces. 


Opor TEst Room 


The odor test room, constructed of asbestos-cement board, had overall dimen- 
sions of 8 X 12 ft with a 714-ft ceiling. The room was divided into two chambers; 
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(A) F-12 Condensing Unit. (B) Cooler. (C) Circulation Pump. (E) Water 
Inlet. (E!) Water Outlet. (F) Chiller By-pass. (G) Outside Air Intake Duct. 
(H) Air Exhaust Duct. (J) Glass Fiber Filter. (K) Mixing Chamber. (L) 
Blower. (N) Temperature and Humidity Recorder. (P) Experimental Coils. 
(R) Air Recirculation Duct. (S) Water Manifold. (T) Water Pressure 
Gauge. (U) Gas-fired Water Heater. (V) Gas-fired Furnace. (W) Water 
Spray. (X) Capillary Cell Humidifier. (Y) Condensate Pump. 


Fic. 1. PLAN View oF TEst Room 


one chamber (8 X 4 X 714 ft) served as the odorant introduction room; the other 
chamber (8 X 8 X 714 ft) contained the test coils and was used as the panel ex- 
amination room. Fig. 1 is a top-view drawing of the test room with apparatus 
and equipment labeled. The smaller of the 2 chambers of the test room is used 
for the direct introduction and mixing of the specific odorants and outside air 
prior to circulating the mixture over the coil surfaces. The odorants selected were 
tobacco smoke, cooking food odors, synthetic perspiration sprays and combina- 
tions of these. These odorants had been suggested by the Technical Advisory 
Committee on Odors of the AMERICAN SOCIETY OF HEATING AND AIR-CONDITION- 
ING ENGINEERS as being the most likely offenders in air-conditioning systems. 
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Fic. 2. INTRODUCTION OF Foop Opors IN THE SMALLER 
CHAMBER OF THE TEST ROOM 


Fig. 2 shows the method of introducing food odorant. Fig. 3 shows an arrange- 
ment of 4 experimental coils in the panel examination room. 

In this test room it was possible to reproduce coil odors in a standardized way 
which almost exactly duplicated actual conditions observed in the field. The 
characteristic behavior of test coils made of different metals and having different 
surface treatments could be readily evaluated. The test room made it feasible 
to study the accumulation and modification of specific odorants on the experi- 
mental coil surfaces during the cooling period, the subsequent release of odor com- 
ponents with an increase in coil temperature and the extent of odor retention after 
a return to initial cooling temperature. 


OporR MEASUREMENT 


Odor evaluations were made by a trained panel using an adaptation of the 
Flavor Profile method of Cairncross and Sjostrom!. Each panel member smells 
the air leaving the coils and writes down odor notes perceived, using descriptive 
terms such as sour, burnt, or rubbery; and decides on the intensity of each note 
using a number scale ranging from threshold (just perceptible) to very strong. Find- 
ings are discussed fully by the panel in open session after each test until all agree 
on common terminology. The resulting consensus is an odor profile for each coil. 
After considerable experimentation, the following cycle was established: 


1 Flavor Profiles—A New Approach to Flavor Problems, by S. E. Cairncross and L. B. Sjostrom (Food 
Technology IV (8), 1950, p. 308). 
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Fic. 3. FouR EXPERIMENTAL COILS AS VIEWED BY OB- 
SERVER IN THE PANEL EXAMINATION ROOM 


1. Normal operation: chilled water is circulated through coils, and outdoor air is 
circulated through rear chamber, coils and then back to outdoors. 

2. Odorant is introduced in rear chamber while chilled water is circulated through 
coil and test room air is recirculated. Water temperature is adjusted to give 60 F 
leaving air teniperature, and odorant introduction is continued 15 min. 

3. Rooms are flushed with outdoor air for 15 min while chilled water circulation is 
continued. 

4. Odor measurements are made by panel immediately after flushing period and 
while outdoor air flushing is continued. Fig. 4 shows a panel examining 4 experimental 
coils. 

5. Coils are purged of odor accumulation by switching water circulation to stored 
hot water with temperature adjusted to give 100 F leaving air. 

6. Odor measurements are made at the beginning of the purging period and repeated 
after two 10-min periods. 

7. Odor retention is determined by making a final odor measurement after chilled 
water circulation is re-established and leaving air temperature is again 60 F. 


Fic. 4. PANEL MEMBERS TESTING EXPERIMENTAL COILS 
IN EXAMINATION ROOM 
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8. Finally hot water circulation is continued to drive off any remaining odors and 
to prepare coils for another test. 


During the tests the humidity was controlled to insure that the coils dripped 
normally during cooling operation. A special series of tests established that dry 
coil operation resulted in the least odor pickup, normal dripping operation in- 
creased the odor load, and borderline dehumidification caused a noticeable worsening 
of odor performance. This last operating condition is characterized by a heavy 
coating of moisture on the coil surface with drops clearly seen but with none drip- 
ping off. 


EXPLANATION OF OpoR 


Air conditioning coil odor is an unnatural ! of odorous substances accumu- 
lated on the surface of the coil. It is caused |,, selective adsorption of various 


Fic. 5. PANEL EXAMINING TEST STRIPS 


odor components from the normal environmental odors. Some components of a 
complex odor blend are adsorbed more readily than others, the speed of adsorp- 
tion and the preference patterns being functions of the kind of surface. An im- 
pressive amount of odorous material may collect on a coil surface even though the 
environmental odor is below or near threshold level. Adsorption is more rapid 
on a cold surface and is probably influenced by the condensation of water vapor. 

When released by the heating or off-cooling cycle, this accumulated odor residue 
(coil odor) is foreign and objectionable primarily because it is out of context or 
separated from its normal blend of background odors. The emphasized com- 
ponents of the odor accumulation are geaerally the more objectionable odors 
because they are associated with putrefaction, rancidity or uncleanliness. 

Common odor blends, for example, tobacco, food and body odors, are not as 
different as one might suppose. Such notes as burnt-fragrance, sour, sulfide, and 
animal are common to all three of these odorants. The similarity of tobacco and 
vegetable odors can easily be demonstrated in the laboratory by comparing the 
odor produced by passing cigarette smoke and steam through copper wool, with 
the odor of steam passing through a mixture of cut-up vegetables. The identi- 
fying component of tobacco is scalped by the copper so that both appear as familiar 
boiling vegetable odors. 

The fact that coil surfaces do selectively adsorb odors from the air passing over 
them introduces complications in the analysis of test results. The odorant blends 
used include at least 30 components or notes, and each kind of surface may pick 
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up any number of these in amounts above threshold. Each picked up component 
varies in strength depending on the preference pattern of each surface. The ac- 
ceptability of each note picked up is another variable. Yinally, each surface, 
when warmed, exhibits a different ability to retain each adsorbed odor component. 
The Appendix outlines the method used to reduce test results to predictions of 
comparative quality of surfaces to air-conditioning cooling coils. 


RaPiIp SCREENING OF SURFACES 


The cost of making and testing actual coils turned out to be too high to permit 
speculative search for better surfaces. To overcome this, a simple rapid test was 
devised. Briefly, the screening test consisted of the following steps: 


1. Initial examination of 4-in. sq test strips by a trained panel. 

2. Contamination by tobacco smoke in saturated air for 1 hr followed by 5 min 
airing. 

3. Odor profiles of contaminated strips by panel at room temperature. 

4. Odor profiles of contaminated strips during gentle heating by infrared lamp, 
special attention being paid to the rate of purging. 

5. Final odor profile after cooling contaminated strips to roem temperature. 


Whenever possible the test strips were baked at 250 F for 4 hrs before being 
contaminated. 

The odor profile procedure has already been outlined. Fig. 5 is a photograph 
of a typical panel at work. The panel operates in an odor-free room without 
distraction. For maximum efficiency, each panel member must be completely 
at ease and confident. The panel leader has the delicate and demanding task of 
guiding the panel without dominating its judgment or upsetting its morale and 
confidence. 

Each material was rated on the basis of its odor pickup resistance. This was a 
term used to incorporate both the type and level of odor pickup. The rating 
scale was divided into four distinct categories, goed, fair, poor and very poor. For 
example, if the odor level was low and the type of odor not objectionable, the 
surface received a good rating. Conversely, a surface exhibiting objectionable 
components at a high level merited a very poor rating. The rate of release or the 
speed of purging the adsorbed odor was also considered to be of major importance. 
Those materials which rapidly returned to their original odor during the purging 
period and, therefore, had little or no residual odor were given a fast rating; those 
which lost only a small part of the acquired odor during purging and retained a 
residual odor of high intensity were given slow ratings. Purging between the two 
extremes was classed as moderate. 

Deininger and Sullivan? have described the method in its general application 
to rating surfaces on odor performance, The description and discussion here 
covers the special case of rating surfaces with regard to their odor performance in 
air-conditioning cooling coils. 

Fig. 6 shows the apparatus set up and ready to use. The odorizing chambers 
are standard 10-in. laboratory vacuum desiccators. Each vessel is cleaned and 
charged with 100 ml of water to provide a saturated atmosphere. Four or five 
test strips, preferably 4 in. square and about 0.025 in. thick, are suspended on a 


? Study and Evaluation of the Odor Properties of Surfaces, by Nicholas Deininger and Frederick Sulli- 
van (Annals of the New York Academy of Sciences, Vol. 58, Art. 2, 1954, p. 215). 
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glass rod. Each chamber is evacuated to 15 mm of mercury. Five cigarettes 
of assorted brands are placed in a manifold and smoked at a slow and steady rate 
down 2 in. by controlling the pressure drop across the cigarettes at 14 in. of water 
indicated on a manometer. To insure a strictly vapor phase odorant, the smoke 
is led to the odorizing chamber through an impingement tube containing a plug 
of cleen non-absorbent cotton. The remaining vacuum is broken by introduction 
of clean air. The 1-hr contamination period starts at this point. 


RESULTS 


Table 1 is a plot of resistance to odor pickup versus purging rate. Surfaces of 
equal pickup appear on diagonals and of equal purging rate in columns so that the 
horizontal rows show equal quality coil surfaces. The ideal surface would either 


Fic. 6. APPARATUS FOR CONTAMINATING TEST STRIPS 


pick up nothing or would avoid any release of accumulated odor. While such an 
ideal is unlikely, it is reasonable that the best obtainable actual surface would 
sparingly pick up the more acceptable odors and would release these rapidly during 
off-cycles to avoid undue build-up. This is the good and fast area appearing as 
Class 1 in the top row. 

Coil quality in Class 2 is exemplified by fair pickup in combination with fast 
purging. Another coil of moderate purging rate would have to improve its other 
attribute, pickup, to good in order to stay in Class 2. This is reasonable and has 
been checked repeatedly. Classes 3 and 4 each have three combinations of pickup 
and purging; Class 5 has two, and Class 6 has one. (Words fail to convey an idea 
of the poor quality of Class 6 surfaces which avidly pick up the worst stenches 
and release them interminably.) 

Table 1 bears out the old industry rumor concerning bare copper which appears 
in Class 5 (poor pickup and slow purging). The same rumor has it that tin coating 
is the remedy, and this is so to the extent that it promotes copper to Class 4. This 
finding has been checked with pure sheet tin and also solder coatings on copper. 

Anodizing copper (electrolytically induced oxide) degrades it to bottom place 
along with silver, tungsten, nickel and zinc. 

Organic coatings change the odor performance ratings, sometimes for better, 
other times for worse, but no decisive trend is apparent. 

No really practical treatment could be found to raise copper to a significantly 
higher class. Copper can be upgraded to Class 2 by an expensive wax coating 
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(commonly used to reduce adherence of ice cubes to aluminum trays). The same 
result can be obtained at considerable cost by a polyvinyl formal coating which 
requires an oxide substrate. 

Noble or exotic metals do not necessarily give odor performance in proportion 
to their price. Following are some examples: tantalum, platinum and stainless 
steel in Class 2; molybdenum and titanium is Class 4; magnesium and cadmium- 
silver in Class 5; and silver, tungsten, nickel and zinc in Class 6. 
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Aluminum can be upgraded one class by buffing or electropolishing. This is of 
academic interest only, since such surfaces would not retain their polish in service. 
The best improvement of aluminum was obtained by mild chromic or phosphoric 
acid treatment as explained in detail later. 

The foregoing results apply to strips tested with cigarette smoke. It should be 
of interest to compare these with the results of coils tested with tobacco, food and 
synthetic perspiration odors. Table 2 shows the odor performance of test coils 
following the same scheme used in Table 1 for the strips. The situation is more 
complicated because in many cases the coils have fins of one material and tubes 
of another. Where direct comparisons can be made the results match except in 
the case of copper. In Table 2 this shows up in Class 4 instead of Class 5, prob- 
ably due to some fault in the method of reducing the voluminous coil test data to 
this form. 

Direct comparisons of all-aluminum, aluminum fins on copper tubes, and all- 
copper coils indicates that they rank in that order from best to worst. That is, 
the effect of the copper tubes shows through to partly offset the better performance 
of aluminum. 

The chromatized and phosphatized aluminum coils fulfill the promise indicated 
by the strip tests. The copper-oxidized coil produced unbelievably foul stenches, 
again predicted by the screening test. 

The inclusion of the two vitreous enamel-coated coils ought to be explained. 
In the early stages of the project some thought was given to constructing glass 
coils which could perhaps serve as standards of excellence. When no practical 
way could be found to design a glass coil of reasonable proportions, it was suggested 
that vitreous enamel might form an essentially glass surface. It can be seen that 
such enamel either lacks the odor properties of glass or that glass does not guar- 
antee good odor performance. 

Chromatized and Phosphatized AlAminum; These acid dips are ordinarily used 
as mild etches to improve the adherence of paint to aluminum. It was found 
that such dip treatments improved both pickup and purging performance of alumi- 
num. The three main variables of the process are bath temperature, dip time, 
and acid concentration. These are noted parenthetically in Table 1 in the order 
mentioned in degrees Fahrenheit, minutes, and percent. The treatment seems 
critical and, if overdone, the odor improvement may be lost. Several combina- 
tions were tried with the various results shown, but the possibilities were not 
completely explored. 

Special tests were made on a group of coils over an extended operating period to 
determine the life of treated compared to untreated aluminum coils. No significant 
loss of odor performance occurred in the equivalent of one cooling season. 

Many of the coatings and treatments tested in strip form cannot be applied to 
finished coils, but must be applied to fin stock ahead of fabrication. Chromatizing 
and phosphatizing, however, are readily accomplished after the coil is completely 
assembled. 

Incidence of Coil Odor; Correlation of field observations and laboratory results 
permits only the qualitative conclusion that the chances of occurrence of coil odor 
increase as the class number, according to Tables 1 and 2, increases. No case of 
coil odor in Classes 1 to 3 has been encountered during five seasons of observation. 
Previous experience with coils in Classes 4 and 5 indicated less than 2 percent in- 
cidence in some areas and negligible occurrence in others. There is no field ex- 
perience with Class 6 coils. 
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PURGING RATE 


PAST MODERATE SLOW COIL 
por QUA- 
CHROMA- 

TIZED/A/A 
\ 
PHOSPHA- 1 
TIZeD/A/A 
EPOXY RESIN 
/a/c 
2 
\ 
A/A 
ALKYD BASE |PHOSPHA~ 
TIZED /a/C 
CHROMA- 
TIZED/A/C \ %, 
| VITREOUS \ 
ENAMEL/A/C. 


POLYVINY- 
LIDENE CHLO| 


RIDE/A/C 
SOLDER/C/c 
c/c \ 
IPOLYTETRA® ud PLUS 
IFLUORO@ POLYVINYL 
“THYLENE/A/C] FORMAL/C/c 
SHELLAC /A/C LS... 
VITREOUS 
ENAMFI./C/C 


NOTE: 


COIL DESCRIPTIONS ARE  |Cu0/C/C 

CODED; COATING/FIN/TUBE |PRIMER "B 
N 


A = ALUMINUM [C/Cr.¥ 6 
ro} 


TABLE 2—TeEst Com Opor CHARAC- 
TERISTICS 


It was impossible to predict which installation would develop persistent coil 
odor and which would be free of it. Laboratory tests gave the broad separation 
previously outlined but could not duplicate the critical region between suscepti- 
bility and resistance to coil odor. The following factors appear to determine be- 
tween them the probability of coil odor: 


1. Concentration and type of environmental odor. Depends on relation between 
rate of production of odor and ventilation to dilute odors. 

2. Kind of coil surface. 

3. Ratio of cooling to off-cycle operation while fan is running. This depends on 
relation between load and capacity, and method of operation by user of equipment. 
The coil with more oft-cycle time is less likely to develop odor. 

4. Dehumidifying load. Coil odor is more probable if apparatus dew-point remains 
in borderline zone for long periods. The coil that is wet but not dripping picks up the 
most odor. 


There are undoubtedly additional contributing factors, but to include these would 
stretch the speculation beyond reason. The geographical pattern fits the theory 
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in the sense that load is steadier and capacity margins are smaller in seaboard 
climates. In consequence, one would expect less opportunity for these coils to 
unload accumulated odors. 


CONCLUSIONS 


Objectionable odor level in air-conditioned spaces due to high rate of odor pro- 
duction coupled with poor ventilation is distinguished from the case where the 
cooling coil surface is the focal point. Coil odors are fairly rare but produce devy- 
astating customer complaints, as the odors are most obnoxious and unrelated to 
normal odors produced on premises. 

Laboratory experiments with test coils subjected to controlled contamination 
and with test strips contaminated by tobacco smoke in closed containers show 
that a surface selectively adsorbs components of a familiar but complex blend of 
odors. The adsorbed portion of the original blend is released at possibly higher 
concentration during off-cycles. 

Each kind of surface exhibits a different ability to pick up odors and has a differ- 
ent preference for components. Surfaces also have different abilities to retain 
adsorbed odors. The best coil surface is one which sparingly picks up the more 
acceptable odor components and which releases them most readily to avoid build- 
up of foul odors. 

Aluminum, tinned copper, and bare copper coils ranked in that order. Chromic 
and phosphoric acid dip treatments of aluminum gave the best odor performance of 
the large number of metals and coatings tested. 

An inexpensive, rapid method of screening surfaces was developed and results 
were shown to correlate with those of coils tested in the laboratory. In turn, these 
findings were in good agreement with field observations. 
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APPENDIX 


DERIVATION OF CoIL QUALITY RATINGS 


A simplified example will be used to illustrate in outline how panel observations are 
analyzed to predict odor performance of surfaces, and may also emphasize the mech- 
anism of selective adsorption. 

Suppose surfaces are exposed to an odor blend consisting of only 3 components. 
Further suppose that the panel agrees on the quality of the 3 odors, respectively, as 
acceptable (to nearly everyone), doubiful (depending on personal taste), and unaccept- 
able (to nearly everyone). The panel is instructed not only to identify odors picked up 
by surfaces, but also to decide whether they are weak or strong. The 2 factors, quality 
and strength, combine to determine pickup ratings. The other half of the coil odor 
phenomenon depends on speed of desorption. Cooling coils tend to purge themselves 
during off-cycles. It can be seen that the faster this occurs the less the chances that 
accumulations will be carried over to build-up. Accordingly, the observers note the 
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speed of purging when the samples are gently heated in a standardized way. Observa- 
tions are recorded as fast, moderate and slow to provide the third factor needed. 

The 3 factors can be combined 18 ways to form © coil quality ratings. Figs. A-1 to 
A-4, inclusive, show this graphically in 4 steps. 

The 18 surfaces in Fig. A-1 start clean and have no odor. However, they are each 
different, having been chosen to cover exactly the range of possibilities in the simplified 


example. 


CLEAN 
NO ODOR 


Fic. A-1. EIGHTEEN DIFFERENT SURFACES COULD THEO- 
RETICALLY BE CHOSEN TO ILLUSTRATE THE FULL RANGE OF 
OpoR PERFORMANCE 


QUALITY 
OF PICKED 
UP_ODOR 


PERFECT 
(NONE) 


ACCEPT- |AJA/AJAJAJA 
ABLE 


DOUBTFUL DID|D|D/D|D 


UNACCEPTABLE 


| 


Fic. A-2. AFTER EXxposuRE TO A THREE-COMPONENT 

BLEND, THE SURFACES DIVIDE THEMSELVES INTO THREE 

Groups BY SELECTIVELY ADSORBING A SINGLE Opor Com- 

PONENT. THE GROUPS ARE RESPECTIVELY DEMOTED ONE, 

Two, AND THREE PLACES FROM PERFECT FOR PICKING UP 

Opors RATED AS ACCEPTABLE, DOUBTFUL, AND UNAC- 
CEPTABLE 


The effect of quality of picked up odor is shown in Fig. A-2. It is necessary to sup- 
pose that each surface selectively adsorbs a single component. It is unlikely that any 
surface can retain a perfect rating by failing to adsorb any odor. Samples are demoted 
from the perfect rank according to quality of odor. Those having acceptable odors are 
demoted 1 rank on the basis that even these least obnoxious odors are not really de- 
sirable. Doubtful and unacceptable odors are respectively placed 2 and 3 places down 
from perfect. 

In Fig. A-3, samples that adsorb strongly are demoted an additional rank, while 
those with weak pickup retain the places shown in Fig. A-2. This completes the pickup 
rating. 
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Samples with fast purging rates are allowed to keep their previous ranks as shown 
in Fig, A-4. Those with moderate rates go down 1 more rank, and those that are slow 
are demoted 2 places below the rank they had in the preceding figure. Predicted per- 
formance, or coil quality, now appears on 6 levels lower than perfect. 


DETERMINATION OF ACCEPTABILITY CLASSIFICATIONS 


The foregoing example indicates the strong influence of odor quality, as compared 
to odor intensity, in predicting the suitability of a surface for cooling coil application. 
Field observations clearly support the decision to include odor quality as a prime factor 
in odor performance ratings. People actually prefer no odors in connection with air 


PICK-UP 
RATING 


PERFECT 
(NONE) | 


GOOD 


=> 
=> 
= 


ar 
ar 
a> 
= 
= 
=o 


FAIR 


POOR s 


auc 


VERY POOR 


Fic. A-3. Pickup RATING 1s COMPLETED BY CONSIDERING 

OporR STRENGTH. SURFACES WITH WEAK (W) Opor RE- 

MAIN IN PLACE WHILE THOSE WITH STRONG (S) ODOR ARE 
DEMOTED ONE ADDITIONAL RANK 


conditioning. They will, however, tolerate rather high levels of some odors while 
objecting strenuously to others that are barely discernible. There is a middle class of 
odors which some individuals can not tolerate, but to which others are relatively in- 
different. It may be of interest to outline the method of classifying odor notes en- 
countered in this investigation. 

Each panel member was asked to list the odor notes in 3 groups on the basis of in- 
dividual personal reactions. These listed as acceptable were felt by the individual to 
be tolerable (at moderate intensities) in any air-conditioned space; those called un- 
acceptable would be intolerable anywhere, and the doubtful ones might be objectionable 
in 1 context but not in another. Lists were compared and a composite made up. Only 
unanimous choices remained in the acceptable column; all nominations for unacceptable 
were included in the composite, and the remainder were classed as doubtful. 

A more objective method of measuring acceptability would be desirable. However, 
an opinion poll of a cross-section of the population is not practical, because each person 
polled would have to be exposed to the actual odors. A completely verbal method of 
determining odor opinion is not available. 
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Table A-1 is a record of the grouping used in this study and also indicates the nature 
and variety of the odor components observed on test strips exposed to cigarette smoke. 


TABLE A-1—CLASSIFICATION OF ODOR PROFILE NOTEs?* 


ACCEPTABLE | DouBTFUL UNACCEPTABLE 
Cement | Burnt Animal 
Dusty Coal Dust Burnt Fragrance 
Metallic | Fruity Decayed Vegetable 
Papery | Leathery Earthy 
Straw-like Medicinal Food-like 
Sweet Fragrance | Painty Footy 
Woody Seaweed Pungent 
| Soapy Rubbery 
Solventy Sour (B.O.) 
| Sour Sulfide 
Waxy Tobacco 


® The order of the notes in each column is alphabetical, rather than indicative of relative acceptability 


within the groups. 


cOIL 
QUALITY 
RATING 


PERFECT 


POOR 
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FAIR 3 
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WORST 6 


A 
A} 
wi |w 
|F| |P 
Al fo] fo 
wl |s wi Iw 
[ol fo] fol 
s}|  |s}] |P 
D} ju 
fs 
s} 
U 


Fic. A-4. ODOR PERFORMANCE IN SERVICE IS PREDICTED BY 


CoMBINING Pickup RATINGS AND PURGING RATINGS. 


THE 


LATTER IS ] UDGED BY SPEED OF DESORPTION DuRING HEAt- 
ING AND RECORDED AT Fast (F), MODERATE (M) or SLOW 


(S). 


SURFACES ARE DEMOTED ONE ADDITIONAL PLACE 


FOR MODERATE, AND Two FOR SLOW PURGING 
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RepucinG Actua REsuLts To Com Quavity RATINGS 


The example shown graphically in Figs. A-1 to A-4 was purposely made simple by 
assuming that only J] odor component be selectively adsorbed on each test strip. In 
the actual case several odor notes are adsorbed, and these may have different strengths 
and acceptabilities. Also, the speed of purging may be different for each component. 
However, the principle of successive demotions still applies and can ve implemented 
arithmetically. 

Figs. A-2, A-3 and A-4, retaining the simplified example for the moment, can be ex- 
pressed by the following equation: 


Coil Quality = g + (s — 1) + (p — 1) 
where 


q = odor quality with values of 1, 2 and 3, respectively, for acceptable, doubt- 
ful and unacceptable. 

odor strength with values of 1 and 2, respectively, for weak and strong. 
purging rate with values of J, 2 and 3, respectively, for fast, moderate 
and slow. 


4 


This equation will yield coil quality ratings from 1 to 6 (best to worst order) with 
maximum contributions of 3, 1 and 2, respectively, from odor quality, odor strength 
and purging rate. 

In the case of several odor notes appearing on a test strip, coil quality for each note 
can be determined separately and averaged. Overall coil quality can be taken as the 
nearest whole number. 

Decisions must be made before strength and purging rate can be reduced to numbers. 
The intensity scale used by the panel might be divided into weak and strong so as to 
include approximately half the cases encountered within each. Purging rate is in- 
dicated by the difference in intensity noted in the first observation after exposure and 
the final reading after purging. Similarly, this range might be divided into 3. 

The main point is that a systematic treatment of data is essential. An extensive 
investigation produces voluminous information that is difficult to reduce by intuitive 
methods. 


DISCUSSION 


L. H. Becxt, Ann Arbor, Mich. (WriTTEN): The study is excellent. I can foresee 
many future studies which will use theirs as a prototype. The authors are to be con- 
gratulated on their work. It is well-conceived, well-executed, and well-presented. 


G. W. MEEK, New York, N. Y.: This paper is without doubt in the writer’s opinion 
one of the finest pieces of practical research that has yet been done by any members 
of the air conditioning fraternity on the subject of odors. Having at least passing 
knowledge of the almost endless difficulties involved in even the simplest odor research 
problem, I can but applaud the scholarly and practical approach taken by Mr. Hub- 
bard and his associates. 

A few years ago when the TAC on Odors was organizing its suggested research program 
one school of opinion wanted all of the emphasis placed on what it called quick and 
practical research. if any proponents of that school of thought still exist, this paper 
should remind them that it took 4 years of painstaking work to arrive at an answer on 
just one specific odor problem. In the odor research field the terms quick and practical 
have no place in the same sentence. 

It was gratifying to see that this program confirmed the desirability of operating 
with a dry coil. Preliminary research by this discusser 16 years ago indicated the 
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desirability of dry coil operation and 15 years of experience with 10’s of thousands of 
individual dry coil room units has confirmed both that early research and the findings 
reported now on a much more factual basis by the present authors. 

In the opening paragraphs the authors referred to the term Air Conditioning Odor 
as being specifically confined to coil odor of an unusual and infrequent nature associated 
almost solely with the specific material surfaces of the coil. I believe it is safe to say 
however that the term Air Conditioning Odor is more generally used by the public in 
referring to the deposition of odor molecules which became absorbed on the interior 
surfaces of the ducts, plenum chambers and particularly the dehumidifying coil sur- 
faces. In other words I am trying to say that there actually is a distinction between 
air conditioning odor on the one hand and coil odor or air conditioning coil odor on the 
other hand. 

The authors have done an outstanding job on the latter subject. If these talented 
authors could now find a basis for applying themselves to the other phase of the sub- 
ject—air conditioning odor—I am sure that our industry would benefit greatly. 


R. S. Dit, (Washington, D. C.): To get it in the record, I would like to ask Mr. 
Hubbard if he can tell us anything about the effects of depositions of dust or lint on 
the coils in influencing this odor generation problem and if there is any decomposition 
of material deposited on the coil that might contribute to the odor. 


E. R. Katser, (Cleveland, Ohio): At the Research Laboratory the Society is con- 
ducting a research program on odor measurement and control. The first phase of the 
work, which is a study of the effect of humidity and temperature on the perception of 
odor, is nearing completion. It was found that absolute humidity has an important 
effect on odor perception, an increase in humidity generally causing a decrease in the 
intensity of the odor, despite the fact that the odor concentration actually remained 
constant. 

In view of these findings, it would be important if the authors would comment on 
whether the air humidities were relatively constant during the notations of odor in- 
tensity from the coils. 

A second item of considerable interest on which further elaboration would be ap- 
preciated is the theory of why a metal or a coating of 1 type performs differently from 
another. Is there a chemical reaction between the odorants and the metals or sur- 
faces? 

The paper is an important contribution and will undoubtedly have a marked effect 
on the materials used for air-conditioning coils. The paper lends encouragement to 
further studies on odor adsorption by carpeting, drapes, and other interior surfaces 
that apparently retain odors for long periods after exposure to heavy concentrations of 
tobacco-smoke odor. 


G. L. Tuve, Cleveland, Ohio: Just 1 short questien. Did you use smokers or non- 
smokers on your panel? 
Is there any difference in the reactions reported by these 2 groups? 


F. W. McKenna, St. Louis, Mo.: The speaker said that he found 1 job in 10 that, 
in his personal opinion, was unsatisfactory. If possible, I would like to have him 
elaborate a little bit on that. Do you have any further opinion as to why that 1 job 
in 10 was bad? 


A. B. Newton, Wichita, Kansas: I might just ask a question or two. One thing I 
was wondering about as Mr. Hubbard spoke, is whether or not he could correlate the 
results of his laboratory tests with these 20 percent of the jobs that seemed to be in 
trouble in the field, or was that another pari of the program? I think it would be an 
interesting thing to know about. Another point I have wondered about, a number 
of years ago we attempted to do a little odor work and thought it was necessary to 
find some way of amplifying the odor level so that people could perceive them more 
accurately, and we tried the idea of absorbing them on some material and then driving 
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them off so they would be more concentrated. I wonder if anything like that has been 
tried in the authors’ work. 


AutHors’ CLosureE (A. B. Hubbard): Dr. Beck is to be thanked for his kind com- 
ments. 

Mr. Meek was also very kind. He corroborates that dry coils have the least odor 
pick-up. Our findings apply to coils normally dehumidifying. We noted, however, 
that when dew-point was changed, all other things being equal, odor pick-up was greatly 
reduced when the coils were dry and was worst in between when coils were wet but not 
dripping. Our terms were borrowed from service men, but Mr. Meek is undoubtedly 
correct in distinguishing air conditioning oder as a broader term than coil odor. 

Mr. Dill requests something for the record regarding dust and lint deposits on coils 
as they may influence odor. In all cases observed the coils were preceded by filters 
so that we did not find appreciable deposits. We initially expected slimy deposits 
and, it’s a joke on us, armed ourselves with specimen bottles and swabs when we first 
went into the field. We succeeded in getting faint green marks on our swabs; but 
nothing to analyze. The appearance and odor of coils did not correlate. Some of 
the cleanest looking surfaces smelled the worst. 

Mr. Kaiser mentions that odor perception depends on temperature and humidity. 
We were not aware of this fact at the time. However, conditions were in a narrow 
range for other reasons, hence odor perception must have been constant. 

Mr. Kaiser wonders why different metals or coatings performed differently. We 
believe the known facts of adsorption are sufficient to explain the different patterns 
observed. It is not necessary to postulate chemical reactions between odorants and 
surface materials. 

Mr. Kaiser made a point of adsorption by other surfaces in the air conditioned space. 
This is an important source of stale odors. A common example is after-the-party 
smell. The mechanism is something like this. Cotton fabrics pick up the characteristic 
odor of tobacco. So, while the party is going on, the drapes and other fabrics are 
busily picking up tobacco smell. But the cotton prefers water vapor. Therefore, 
as humidity comes up in the latter part of the night, cotton trades back the worst part 
of tobacco odor for water vapor. Hence the foul smell the morning after. 

Professor Tuve voices the common doubt concerning smokers vs non-smokers as 
panel members. We used both and find no significant difference. Panel members are 
allowed to live normal lives; indeed it is important that they be at ease in all respects. 
It is a good precaution to refrain from smoking immediately before a determination; 
just as one should not use strong personal perfumes or eat spicy, odorous foods. There 
is no reason why a smoker should be any less keen a judge of odors than a non-smoker. 
In any event, panel management includes cross-correlations designed to eliminate wild 
performance, whatever the reason. 

Mr. McKenna asked for elaboration on why 1 job in 10 is unsatisfactory. This 
estimate includes all causes: coi’ odor, inadequate ventilation, unusual odor sources 
and poor housekeeping. No breakdown has been attempted, but the result might 
divide causes about equally between the above reasons. 

Mr. Newton asks whether laboratory results could be correlated with the observed 
conditions of the small percentage of jobs having coil odor. We can not predict ac- 
curately whether a given job will develop coil odor. It depends on a critical balance 
between opportunity to pick up odors and opportunity to unload them. We can only 
say that a unit operated continuously on cooling, with no off-cycle time with fan on, 
has a maximum chance to have coil odor. 

Mr. Newton wondered about the need for amplifying odors for easier perception. 
This was not necessary in the coil,odor study. I can emphasize the point by describing 
my introduction to the phenomenon. At a night club in Greenwich Village the field 
engineer stood me on a chair so that my face would be in front of a grille. When he 
turned on the air conditioner my knees literally buckled. Then, and later, we did not 
need amplification. 
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A RAPID GENERAL PURPOSE CENTRIFUGE 
SEDIMENTATION METHOD FOR MEASUREMENT 
SIZE DISTRIBUTION OF SMALL PARTICLES 


Part II—Procedures and Applications 


By K. T. WuitsBy*, MINNEAPOLIS, MINN. 


This paper is the result of research sponsored by the AMERICAN 

SOCIETY OF HEATING AND AIR-CONDITIONING ENGINEERS, INC., 

in cooperation with the Department of Mechanical Engineering 
of the University of Minnesota. 


ART I of this papert described the basic principles and apparatus of a new, 
rapid, general purpose centrifuge-sedimentation method designed for the econom- 
ical determination of particle-size distribution in the 0.05 to 100 micron size range. 
Since sedimentation analysis of particle size distribution is an indirect measure- 
ment, a number of factors must be considered when interpreting the results. A 
recent symposium of the British Institute of Physics has discussed many of these 
factors comprehensively.!_ In addition to those factors common to all sedimenta- 
tion methods, a number are peculiar to this centrifuge method. The data and 
discussion that follow illustrate some of the most important conclusions reached 
as a result of numerous comparisons with cther methods and evaluations by the 
various investigators using this method. Because reproducibility is affected by 
the techniques used, certain important procedures are described in detail. 


SELECTION OF THE DISPERSION SYSTEM 


As many investigators have pointed out, adequate dispersion is perhaps the most 
important factor affecting the validity of sedimentation results. For this reason, 
the choice of liquids, of dispersing agents and the method of dispersion depend 
more on the overall quality of the dispersion than on. the physical properties of 
the system. Workable dispersion systems as well as practical methods for selecting 
the best system are discussed. 


* Research Associate, Mechanical Engineering Department, University of Minnesota. 

+ A Rapid General Purpose Centrifuge Sedimentation Method for the Measurement of Size Distribution 
Smal Part I1—Apparatus and Method, by K. T. Whitby (ASHAE Transactions, Vol. 61, 

SS, p. 33). 

1 Exponent numerals refer to references. 

Presented at the Semi-Annual Meeting of the AMERICAN SOCIETY OF HEATING AND A1R-CONDITIONING 
ENGINEERS, San Francisco, June 1955. 
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SEDIMENTATION AND FEEDING LIQUIDS 


The particles to be analyzed must be practically insoluble in both the feeding 
and sedimentation liquids. Solubility may be determined from handbooks if the 
material is known, or by shaking a small amount of the dust and the liquid being 
tested in a test tube. Occasionally a mixture of materials will be encountered in 
which at least one of the components will be soluble in al! the liquids tried. For 
such cases judgment must be exercised in interpreting the resulting size analysis. 

Usually the feeding liquid is made up by mixing a miscible liquid of lower density 
with the sedimentation liquid in such a proportion that the density difference 
between the feeding and sedimentation liquid is about 10 percent of the density 
difference between the particles and the sedimentation liquid. It has also been 
found that the adverse effects of density streaming can be decreased further if the 
feeding liquid has a 20 to 50 percent greater viscosity than the sedimentation liquid. 
This is especially helpful when analyzing powders of high density, having coarse, 
relatively narrow size distributions. 

Some of the most useful sedimentation liquids are given in Table 1. Mixtures 


TABLE 1—UsEFUL SEDIMENTATION LIQUIDS AND DISPERSING AGENTS 


Po — GM/cc No — C.P. DISPERSING AND 
80 F 80 F 


SEDIMENTATION LiQuID WETTING AGENTS 


0.997 0.863 Household Detergents, A, 
| B, C, D, E, Tetra Sodium 
Phosphate and many 


| others. 
0.872 0.582 | D 
Carbon Tetrachloride........ 1.583 0.883 | D 
35% M.O.*»—65% Kerosene... 0.827 4.004 D 
1/3 M.O.—2/3 Carbon Tet.... 4.332 2.132 D 
1/3 M.O.—2/3 Benzene...... 0.866 1.122 D 
Isopropal Alcohol............ Sodium Oleate 


® U.S.P. Heavy Mineral Oil. 
> A—Non ionic wetting agent; B—Polymerized salts of aryl alkyl sulfonic acids; C—Lignin sulfonic acid 
compounds; D—Sodium sulfonate of mineral oil; E—Dioctyl sodium sulfosuccinate. 


of benzene, carbon tetrachloride, naphtha and U.S.P. mineral oil can be made up 
to have just about any density and viscosity desired. The viscosity charac- 
teristics of these mineral oil mixtures are determined almost completely by the 
low viscosity component. Thus the viscosity characteristics of succeeding batches 
mixed in the same proportion will be close enough to make repeated viscosity de- 
terminations unnecessary. 

Some appropriate feeding and sedimentation liquids tor specific materials are 
tabulated in Table 2. 


DISPERSING AND WETTING AGENTS 


Table 2 shows that for most materials it is necessary to add either a dispersing 
agent, or a wetting agent and sometimes both, to get a satisfactory dispersion. In 
addition to the data in Table 2, recommendations for many other materials may 
be found in a book by Herdan? (p. 451). If a dispersion system must be found 
for a material not listed in the literature then the dispersion criteria given further 
on in this paper or those given by Herdan? can be used. 
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DISPERSION CRITERIA 


A test tube can be used to obtain a fair indication as to whether a given disper- 
sion system is satisfactory. If a small amount of powder, shaken in a test tube 
with the system being tested, forms a turbid suspension with no visible flocculation 
and then settles as a sharply defined spot in the middle of the rounded bottom of 
the test tube, this is an indication that wetting and dispersion are satisfactory. 
On the other hand, if the particles settling on the bottom form an irregular sediment 
layer, it is a sign that sufficient interaction of the particle has taken place to cause 
trouble during the size analysis. 

Direct observation of the sedimenting particles in the centrifuge tube is also a 
fairly good criterion. No flocculation or sticking of particles to the tapered portion 
of the walls of the tube should be visible. Sometimes such sticking is caused by 
improper cleaning of the tubes after changing from a hydrophobic to a hydrophilic 
sedimentation liquid or vice versa. Thorough brushing with acetone before chang- 
ing liquids will usually eliminate this source of trouble. 

The final height of the sediment column should show no change as the centrifuge 
speed is increased after sedimentation is complete except for soft materials such as 
flour. Even for flour no appreciable change is noticeable until the speed is increased 
over 2000 rpm. That this should be a good criterion is reasonable. Since es- 
sentially one size particle is settling at one time in the capillary, the void space 
should be constant and a minimum if the particles do not interact as they come 
to rest. Any interaction will tend to cause the void space to be greater than the 
minimum and will permit reorientation of the particles as the centrifugal field is 
increased. Compression of the sediment column with increasing centrifuge speed 
is therefore an indication that the dispersion system is not completely satisfactory. 

Replicate particle size analysis with different amounts of mechanical agitation 
and different amount of dispersing agents, should give the same size distribution 
if the dispersion is complete. This is a very severe criterion and may be difficult 
to use if the particles are themselves moderately strong aggregates of smaller par- 
ticles. 


DISPERSION METHODS 


The dispersion method used will depend on the material being analyzed. In 
some cases considerable experimentation may be required to establish the severity 
and length of mixing required to get the desired degree of dispersion. For all but 
a few situations one of the 4 methods discussed later has been satisfactory. 

Easily dispersed materials such as flour, glass beads abrasives and other relatively 
coarser or hard materials can usually be dispersed by shaking in the dispersing 
chamber with the appropriate feeding liquid. 

For more difficult-to-disperse materials, the micro-stirrer illustrated in Fig. 6, 
Part I may be used. Dispersion directly in the feeding chamber is especially con- 
venient for routine analysis because it is then unnecessary to prepare and transfer 
a separate suspension. 

Materials which have more than a few percent by weight of particles below 1 
micron usually require more severe mixing. For these either a malted milk mixer 
or a high-speed blender may be used. 

For such very fine materials as paint pigments and for some coarser materials 
that tend to form strong agglomerates, severe working in a viscous medium may 
be required. One satisfactory technique is to mix a paste of powder in a heavy 
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TABLE 3—REPRODUCIBILITY DATA FROM 43 RUNS ON A SINGLE SMALL SAMPLE OF 
BEADs?® 


% By WT. d | 


Less THAN MICRONS | MICRONS % 
95 35.2 | 0.9 2.6 

50 24.2 0.4 1.6 

5 16.3 | 0.8 4.9 


* Sed. Liquid—4 Heavy Mineral Oil, 44 Carbon Tetrachloride, Graduated tubes. 


mineral oil on a glass plate with aspatula. After several minutes of mixing a small 
amount of the paste is diluted with a miscible liquid of low viscosity and placed 
in the feeding chamber. 

If there is any question as to the effect of the dispersion method on a given 
material, comparative size analyses using different dispersion techniques can be 
run. Data of this kind often shed light on the nature of the agglomeration and size 
distribution of the primary particles. 

Concentration of Particles in Feeding Liquid: The concentration of particles 
must give the desired sediment height in the tubes. Considerable experimentation 
has shown that 10 to 15 mm is satisfactory for graduated tubes and 4 to 5 mm in 
ungraduated tubes. The 0.75 mm tubes are used for all powders except those 
having a density less than about 1.8. The best layer of feeding liquid can be 
formed if the feeding chamber is from one-half to three-fourths full. Since the 
reproducibility does depend somewhat on the thickness of the feeding layer, care 
should be taken to use exactly the same volume of feeding liquid if highest repro- 
ducibility is required. 

Reproducibility of the Method: Experience has shown that for the majority of 
applications, the reproducibility of a size analysis method is considerably more 
important than the accuracy defined by comparison with some other method. 


TABLE 4—PARTICLE SizE ANALYSES OF CALCIUM CARBONATE 


% BY WEIGHT Less THAN S1zE | 


MICRONS AvG 
| Run 1 Run 2 Run 3 Run 4 | 
9 | 96.5 | 97.8 97.0 97.9 97.3 
6 83.9 85.7 | 84.0 86.3 85.0 
4 | 65.5 | 65.9 | 62.0 66.3 64.9 
2 33.3 30.7 30.0 31.6 31.4 
1 43.5 10.9 11.0 11.6 pt 
0.7 6.9 | 5.5 | 5.0 5.3 5.7 
0.4 3.3 2.2 2.0 
0.2 0 0 | 0 0 0 
| | | 
PERCENT BY WEIGHT | | o 
Less THAN MICRONS MICRONS % 
95 | 8.0 | 0.3 | 3.7 
50 3.1 0.1 
$ | 0.64 | 0.01 1.6 


Sed. Liquid—Water; Graduated Tubes; Dispersed in high speed Blender. 
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TABLE 5—PArRTICLE S1ZE ANALYSES OF A HIGH SPEED MIXER BLENDED 
CAKE FLOUR 


| 
OPERATOR A, MArcH 6, 1953 | OPERATOR B, Avucust 4, 1953 


PERCENT LEss THAN Size PERCENT Less THAN SIZE 
S1zE Size | 

MICRONS | MICRONS AvG 

Run 1 RuN 2 AvG | Run 1 | Run 2 | Run 3 
87.5 100.0 100.0 | 100.0 80 99.2 | 100.0 99.3 99.5 
75.0 98.3 | 98.3 | 98.3 | 70 | 97.7 | 97.8 | 97.8 | 97.8 
62.5 94.3 93.4 | 93.9 60 | 92.4 | 92.1 92.4 92.4 
50.0 82.0 82.0 | 82.4 50 84.8 | 82.8 85.5 84.4 
37.5 69.8 67.9 68.9 40 l 74.9 | 72.8 76.0 74.4 
25.0 49.4 48.4 | 48.9 35 | 68.1 65.6 69.5 67.7 
35 i Ba 18.0 18.6 30 |} 60.2 | 59.2 62.9 | 60.8 
| 25 | 49.8 | 491 | 51.4 | 50.8 
Sed. Liquid—Benzene 20 | «34.6 | 33.4 | 37.5 | 35.2 
Graduated tubes | 15.6 | 15.4 15.0 
8.6 | 8.9 8.4 8.6 
5 4.2 | 3.2 3.4 | 3.6 
1 0 0 0 | O 


This is true because most methods have certain inherent biases which are usually 
dependent on particle shape and other variables. 

Tables 3, 4, and 5, show typical reproducibility data for three different situations. 
Table 3 is a summary of 43 replicate runs on a single small sample of relatively 
narrow size range glass beads made as part of an evaluation of the method. The 
particle sizes at the 95, 50, and 5 percent less than points on the distribution, were 
read from the plotted and smoothed cumulative size distribution curves. These 
data are indicative of what may be expected on easily dispersed mineral materials 
having fairly narrow size distribution. 
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The 4 replicate runs on calcium carbonate shown in Table 4 are typical of what 
may be expected on fine powders. The average of these 4 runs is shown in Fig. 1, 
Curve B. 

Table 5, and Curve F of Fig. 1, show replicate runs on a sample of cake flour 
made by different operators using different reading schedules. This level of re- 
producibility was attained only after passing the flour through a high-speed mixer. 

Comparisons with Other Methods: For those applications where it is desired to 
further evaluate the meaning of the Stokes equivalent spherical diameter, it is 
necessary to make comparisons with other methods. Differences between sedi- 
mentation and other particle size methods such as the microscope arise from 2 
different sources. First, the sedimentation size depends on particle drag which 
depends on particle shape and particle roughness. This is a fundamental charac- 
teristic common to all sedimentation methods. Second, most sedimer:tation meth- 
ods have certain other biases determined by the particular apparatus and sensing 
method used. While it is desirable to minimize the latter biases, compromise is 
usually necessary to achieve the desired economy of operation. Though these 
biases are difficult to evaluate separately since they depend on the material being 
analyzed and other variables that depend on the particular situation, a qualitative 
discussion is helpful in judging the possible effect of each. Following are a number 
of these factors. 


1. Conversion of Volume Measurement to Weight Measurement: Actually this method 
measures the volume-size distribution. However, if the particle shape is constant with 
size then the void fraction will be the same for the different sizes because only one size 
particle is coming to rest in the capillary at any given time. Under these conditions 
the assumption of a linear relationship between the sediment height and the weight- 
distribution is satisfactory. 

2. Decreasing Sedimentation Height with Increasing Sediment Height: The magnitude 
of this effect depends on the ratio of the total sediment height to the assumed settling 
distance. For the graduated tubes the maximum sediment height is about 15 mm and 
the assumed settling distance is 100 mm. Under these conditions the theoretical max- 
imum error is about 4 percent. Though the net effect of this error would be to narrow 
the actual size distribution, in practice factors 3 and 4 following, tend to cancel it. 

3. Density Streaming: A suspension of particles in a liquid tends to act like a liquid 
having a density greater than that of the pure liquid. If such a suspension is then 
floated on the surface of the pure liquid, irregular streamers of the suspension will be 
observed settling through the liquid. Such streamers are minimized in this method by 
suspending the particles in a feeding liquid of lower density and higher viscosity than 
the sedimentation liquid and by using low concentrations of particles. It has been 
discovered, however, that this streaming, though minimized, tends to spread very nar- 
row size distributions slightly making them appear broader than they actually are. 

This effect is illustrated in Fig. 2, where size distribution measurements by micro- 
scope, by standard Andreason pipette and by centrifuge sedimentation, on a narrow 
size fraction of glass beads are compared. Though the medians of the distributions 
measured by the different methods are nearly the same, the geometric standard devia- 
tion by the centrifuge method is greater than by microscope. This effect is serious only 
for distributions having a geometric standard deviation less than about 1.2 except for 
materials having a density above 4. For these high density materials some spreading 
may occur at geometric standard deviations up to 1.5, if the median is above 20 u (mi- 
crons). 

Fig. 3 (Part I) illustrates the relatively good agreement with the Andreason pipette 
for broad distributions. 

4. Hindered Settling in the Tapered Portion of the Tube and in the Capillary: Since 
the tapered portion of the tube and the capillary comprise about 50 percent of the total 
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settling height, it might be imagined that hindered settling might cause considerable 
difficulty. 

Actually it has been observed that if there is no sticking of particles on the walls of 
the tapered portion and no choking at the entrance of the capillary caused by all the 
particles of a narrow distribution arriving at once, then these effects are small. Sticking 
can be eliminated by proper dispersion systems and proper cleaning, while choking is 
eliminated by using the projection system to permit accurate reading of small sediment 
heights. 


Experience has shown that the comparative accuracy and reproducibility is 
satisfactory for the measurement of all but very narrow size distributions. Even 
for this special case, the method is useful if it is evaluated against the microscope 
for the particular material and conditions of interest. The following study of size 
analysis results on wheat flour serves to illustrate how such an evaluation may be 
carried out. 

The object of this evaluation was to obtain data by means of which the Stokes 
equivalent spherical diameter within the range of flour particle sizes could be con- 
verted to microscope, sieve, or count and weight size. Because of its low viscosity 
benzene is usually used as the sedimentation liquid for routine size analysis of wheat 
flour. Unfortunately the largest flour particles are above the size where Stokes’ 
law begins to be in error. Thus the lack of agreement between the centrifuge and 
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other methods is a combination of deviation from Stokes’ law, particle shape and 
the other effects peculiar to the centrifuge method. 

Deviation from Stokes’ law begins when the terminal velocity of a particle ex- 
ceeds a certain Reynolds number and the flow around the particle begins to change 
from streamline to turbulent. Oseen has derived an equation from which the error 
in Stokes’ law can be calculated as a function of particle size. Oseen’s equation 
is given by Rose® as: 


where 
d, = the true diameter of a spherical particle. 
d, = the diameter of a spherical particle calculated from Stokes’ law for a 


given terminal velocity. 
R. = the Reynolds number of the sedimenting particle. 
If R, and d, are replaced by their equivalents in terms of the constants of the 
particular system under consideration, then Equation 1 becomes: 


From Equation 2, the ratio d,/d, can be calculated for any given values of h, 
t,andd,. This ratio is tabulated in column 9, of Table 6, as a function of particle 


size. Note that it ranges from about 1 at 50 u% to 1.264 at a true particle size of 
177 u. This ratio between true particle and calculated particle size applies only 


TABLE 6—RELATIONSHIP OF SEDIMENTATION SIZE TO SIZE MEASURED BY MICRO- 
SCOPE, COUNT AND WEIGHT AND SIEVING FOR WHEAT FLOUR®* 


(1) (2) 3) | @) | (i) | ©) | (7) | (8) (9) 
do de d | dp de do 

140 177.0 199.2 225.3 257.2 1.423 1.610 1.552 1.264 
120 138.7 156.0 176.0 169.9 1. 300 1.469 1.417 1.156 
100 108.5 122.0 177.8 133.0 1. 220 1.378 1. 330 1.085 
80 83.5 94.1 106.2 102.5 1.176 1.328 1.281 1.043 
70 72.0 81.0 91.5 88.2 1.157 1.307 1.260 1.028 
60 61.2 68.5 78.0 75.2 1.148 1.298 1.252 1.020 
50 50.5 56.8 64.2 62.0 we FY 1.283 1.240 1.010 
40 40.0 45.0 50.8 49.0 1.126 1.271 3.227 1.000 
30 30.0 33.8 38.1 36.8 1.126 1.271 2. 237 1.000 
20 20.0 22.3 25.4 24.5 1.126 279 4.227 1.000 


® All dimensions in microns. 


to spherical particles. For irregular particles an additional factor which includes 
the effects of shape and the biases of the sedimentation method must be determined 
by comparison of the sedimentation analyses with analyses by the other methods. 
Because it is difficult to obtain accurate microscope size distributions on the ;ela- 
tively broad original distributions a series of narrow sieve fractions of the flour 
were prepared by techniques described elsewhere*. The particle size distributions 
of these narrow fractions were then measured by centrifuge sedimentation, by 
microscope and by a count and weight technique that yields the average particle 
volume of the size fraction’. If the particle shape is assumed to be spherical, a 
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count and weight equivalent spherical diameter can be calculated. This diameter 
designated by d is given in column 2, Table 7. With reasonable care d can be re- 
produced within + 0.5 percent for fractions having a mass median above 30 yu. 
Therefore d is a good reference to which the size measured by other methods can 
be compared. 

Table 7 gives the mass median particle size as measured by count and weight, 
centrifuge, microscope and the mean nominal mesh opening of the 2 sieves used 
to make each fraction. In Fig. 3, the microscope and sedimentation size are 


TABLE 7—PARTICLE S1ZE DATA ON WHEAT FLOUR SIEVE FRACTIONS 


(1) (2) | (3) | (4) (S) (6) (7) (8) (9) 
FRACTION d dy* d, dsp do ds ds dp 
dsp d d 
Hard 
Wheat 
100/120 | 125.5 138.7 137.0 98.3 113.2 1.152 1.074 1.087 
120/140 | 106.0 122.5 115.0 88.0 98.0 1.112 1.086 1.156 
140/170 91.0 107.0 96.5 78.0 86.3 1.107 1.061 1.176 
170/230 13.3 85.4 75.0 66.2 tact 1.100 | 0.977 1.134 
230/325 55.0 48.7 54.5 1.120 
Soft 
Wheat 


120/170 93.1 | 104.4 | 106.5 ta.8 88.0 | 1.162 | 1.143 | 1.122 
170/230 | 68.2 76.6 75.0 $9.5 66.5 | 1.117 | 1.100 | 1.123 


Mean value 1.126 1.074 4.333 


® Dimension measured is breadth of particle in column 2. 
d, = mean of nominal sieve mesh opening of two sieves used to make the fraction. 


plotted on the ordinate versus the count and weight diameter d on the abscissa. 
Also d, is plotted on the abscissa versus d, on the ordinate to indicate the deviation 
of the sedimentation results as calculated from Oseen’s law. 

Note that the equivalent spherical diameter by sedimentation, d,p, is less than 
the count and weight spherical diameter d and less than the diameter calculated 
from Oseen’s law by approximately a constant factor. This factor tabulated in 
column 7 of Table 7, includes the effects of particle shape and the biases of the 
centrifuge method relative to the count and weight method. This factor, repre- 
sented by the ratio d,/d,p, and the one resulting from the deviations from Stokes’ 
law may be summed up in an equation of the form: 


where 
dsp = Stokes’ equivalent spherical diameter for the irregular particles calculated 
from the observed terminal velocity. 
d = the equivalent spherical diameter by count and weight. 
dy = Oseen’s spherical diameter—true diameter of a spherical! particle. 
d, = Stokes’ equivalent spherical diameter calculated from the observed ter- 


minal velocity of a spherical particle. 


For the data of column 7, Table 7 there is no significant variation in the ratio 
d,/d,p with particle size so that d,/d,) may be taken equal to the mean of the seven 
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values. Therefore, for flour in benzene: 
d = 1.126 (do/ds) dep 
where 
d,/d, = a function of particle size calculable from Equation 2. 


In a similar manner, the ratios d,/d and d,/d, were calculated and tabulated in 
Table 7. From the mean values of these ratios in combination with the ratio 
d,/d, calculated from Equation 2 the data of Table 6 were obtained. Using these 
data it is possible to convert d,, to the corresponding count and weight, microscope 
or nominal sieve size. 


APPLICATIONS OF THE METHOD 


Table 2 illustrates the great diversity of materials and conditions under which 
the method has been used. Not included in the table are a great many industrial 
dusts of unknown or uncertain chemical composition which have been analyzed. 
For such dusts the exact meaning of the particle size calculated from Stokes’ law 
depends on how accurately the density is known. If sufficient powder is available 
for a conventional density determination, a particle size based on the average 
density can be calculated. The error in the particle size will be approximately 
equal to: 


percent error ind = 100 | 
Ptrue — Po 


The seriousness of this error depends on the application of the size analysis. 
Few applications have arisen in which this error has been a serious factor. 

Fig. 1 illustrates a number of size analyses on different materials having differ- 
ent size distributions. For low density materials, such as flour, egg albumen and 
powdered milk the method is useful up to a maximum particle size of about 175 u 
if the deviations from Stokes’ law are taken into account. Curve C is interesting 
because the entire distribution was determined by centrifuge without any gravity 
settling. It also shows that up to 12 centrifuge times may be used if necessary. 
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The distributions of Fig. 4 are typical of a great variety of industrial dusts that 
have been analyzed. Curve B shows the abrupt break at about 14 yw, which is 
typical of the average industrial cyclone. 
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Curve D is an analysis of a fly ash sample collected by electrostatic separator at 
the Paddy’s Run Plant of the Louisville Gas and Electric Co. 

The atmospheric dust sample curve C is typical of a number of such samples 
taken from electrostatic air cleaners in Pittsburgh. The application of the cen- 
trifuge method to the size analysis of atmospheric dusts will be discussed in a future 
paper. 

Work is being done to extend the method to milligram quantities of atmospheric 
dusts collected by filter, by electrostatic sampler or other methods. At present 
the smallest sample which can be analyzed is about 1 mg, but it is hoped that this 
can eventually be reduced to about 0.2 mg by using finer capillaries in the tubes. 

Two materials having bimodal size distribution are shown in Fig. 5. This 
method is especially valuable for studying such distributions because of the ease 
with which extra points on the distribution curve can be determined. 

Figs. 6 and 7 show size analysis on dust fractions classified by two different 
methods from A.C. Fine Composite Test Dust. From this type of log-probability 
plot the goodness of the classification is easily seen. It will be noted that even 
though some of these were reclassified many times, there is still considerable ma- 
terial below the designated lower limit of the fraction. This characteristic usually 
is caused by the inability of the classifier to separate the fine particles adhering to 
the large. 

The centrifuge method has also been useful in the development of fine grinding 
and classifying equipment. A few points on the distribution curve of the ground 
product could be determined rapidly enough so that adjustments and changes 
could be made without shutting the machine down. This speed in analyzing re- 
sults permitted considerable economy of material and time. Likewise in several 
other applications the economical determination of large numbers of size distribu- 
tions has permitted statistical studies that would have otherwise been impractical. 
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DISCUSSION 


R. L. KuEHNER, York, Penna., (WRITTEN): In the past our industry has depended 
on repeated air passage through low efficiency filters for particulate air sanitation; 
screens to keep the birds off our evaporator coils. Further we have long labored under 
the impression that outside air is fresh air. The acute stage of air pollution shows 
that particulate matter in air has insidious hazards greater than just making things 
dirty. Our standards of air cleanliness are necessarily changing. To make economic 
progress toward air sanitation standardization we must first identify and set desirable 
limits on the air contaminants in question. We must then rate the efficiency of control 
measures. Since both these phases involve particle size distribution, the first logical 
step is practical measuring methods of the nature described in Dr. Whitby’s paper. I 
believe the results in this and his preceeding paper show real and valuable progress in 
this problem. ; 


‘ 


AvuTHorR’s CLosurE: Dr. Kuehner’s recognition of the importance of the measurement 
of particle size distribution to the understanding of the air cleaning problem is ap- 
preciated. Although measurement of size distribution is usually only one of a variety 
of evaluations that must be made, it is the basis for analysis of air cleaner efficiency as 
a function of particle size. Good particle size versus efficiency evaluations over the 
range from 0.3 to 60 microns could eliminate much of the present confusion surrounding 
the performance of air cleaners on different dusts whether atmospheric or artificial. 

Since the publication of the papers on the method, numerous inquiries have been 
received about the commercial availability of the necessary special apparatus. One 
commercial organization is undertaking the development of the apparatus. 
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INCE AIR CLEANING devices are used under widely varying conditions of 

dust loading and dust character, it has become increasingly desirable to have 
available dust sampling and evaluation methods that can be used to determine 
the dust problem under given conditions. Such methods must be both compre- 
hensive and economically practical. The work reported here describes a combina- 
tion of methods that appears to meet this need for a practical method of obtaining 
air-borne dust samples and evaluating their concentration, character and particle 
size distribution for engineering purposes. 


SAMPLING METHODS 


The desirability of making a size distribution analysis on the collected samples 
of air-borne dust limits the sampling methods that can be used. 

Thermal precipitation is impractical because of the extremely low sampling 
rates permissible. 

Liquid impingers are not efficient collectors of particles below about 1 w. Jet 
impactors! require careful design and use to collect small particles in a manner 
suitable for accurate size analysis of the particles below 1 uy. 

Of the remaining methods, sampling by filter and by electric precipitor appeared 
to be the most adaptable to the needs of this study. 

Electric precipitation permits reasonably high sampling rates and easy separa- 
tion of the sample from the collection chamber. 

Of the high efficiency filter media suitable for aerosol sampling’, only the milli- 
pore filter was found suitable for the collection of samples for size analysis. These 
filters are-efficient enough so that they may be considered absolute on most air- 
borne dusts” *. Microscope size analysis, up to the limit of resolution of the light 
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** Professor, Mechanical Engineering Department, University of Minnesota. Member of ASHAE. 
mn and Head, Mechanical Engineering Department, University of Minnesota. Member of 

1 Exponent numerals refer to References. 
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microscope, can be made on the filter directly. The solubility of these filters in 
acetone and certain other organic solvents permits ready dispersion of the collected 
particles into a suspension suitable for sedimentation size analysis. 


MEASUREMENT OF PARTICLE SIZE DISTRIBUTION 


Problems involved in the measurement of the size distribution of air-borne 
dusts are more difficult than might appear at first thought. Air-borne dust usually 
has a broad size distribution ranging from above 30 u to below 0.3 u. This broad 
distribution severely limits the usefulness of light microscopic methods because of 
the limit of resolution at about 0.3 4 and because of the small probability of seeing 
the large particles. 


COHS / FEET 


Fic. 1. RELATIVE Dust CONCENTRATION MEASURED IN THE 

UNIVERSITY OF MINNESOTA PARTICLE TECHNOLOGY LAB- 

ORATORY FOR THE PERIOD COVERED BY THIS STUDY AS 
MEASURED BY THE STANDARD AJSJ SAMPLER 


Sedimentation methods also suffer from certain limitations. Gravity sedimenta- 
tion, whether in air or liquid, is time-consuming and unreliable below about 1 uy. 
Liquid sedimentation methods, using centrifuges to increase the speed and con- 
venience of analysis‘, measure either the volume or weight distribution. The 
weight or volume readings are least accurate at the fine end of the distribution 
where the accuracy must be the highest if the weight distribution is to be trans- 
formed to a surface or number distribution. Another very real problem in using 
liquid sedimentation methods is the determination of the exact relationship between 
the measured distribution and the actual distribution of aggregates in the air. 

In view of these serious limitations of any one method of size measurement, it is 
probable that any procedure for measuring the size distribution of air-borne dusts 
should incorporate independent measurements by more than one method, if con- 
fidence is to be placed in the results. 


APPARATUS AND METHODS 


As a result of preliminary experimental work, microscope size measurement on 
millipore filtersand centrifuge sedimentation on samples collected both wet and dry 
with the electrostatic sampler were selected for further study. During the course 
of the work, successful procedures were developed for collecting samples on the 
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millipore filters for sedimentation. Sampling with the electrostatic sampler was, 
therefore, discontinued in favor of sampling with the millipore filters. 

To provide a completely independent check on these 2 methods, the optical 
density of simultaneous samples collected on chemical filter paper, glass filter paper 
and millipore filters was compared with the equivalent optical density calculated 
by light scattering theory from the size distributions. 

All samples taken were of the normal laboratory air existing at the time. As 
shown in Fig. 1, the dust spot discoloration measured by the standard AISI sam- 
pler® ranged from relatively clean to moderately dirty. 


Fic. 2. PHOTOMETRIC Spot EVALUATOR 


SizE ANALYSIS BY MICROSCOPE 


Hydrosol type millipore filters were used for sampling because of their lack of 
grain when viewed under a high power oil immersion lens. Sampling time and 
rate were adjusted to give a final optical density of about 0.03. After first meas- 
uring the optical density of the filter with the photometer shown in Figs. 2 and 3, 
the microscope slide was prepared as follows:—a 1%-in. sq. of the filter was placed 
face down on a cover slip and, after wetting with immersion oil, the cover slip was 
carefully placed on a slide, care being taken to prevent any relative motion between 
the filter and the cover slip. 

Counting was done with a Porton reticule in a microscope equipped with a 10X 
ocular, a 97X 1.25 numerical aperture objective and a blue diffusing filter below 
the substage condenser. A multistage count method, suggested by Work®, was 
used because of the wide size range of the dust. Approximately 1000 particles in 
at least 50 fields were counted. The results from a typical count are shown in 
columns 1 and 2 of Table 1, and also plotted in Fig. 4, along with the equivalent 
volume distribution calculated with and without the single 20 yp particle. 
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S1zE ANALYSIS BY SEDIMENTATION 


The electrostatic sampler used is shown in Fig. 5. The chamber is rolled in at 
each end so that if desired about 15 ml of a liquid can be placed inside for wet 
collection. Rotation of the tube at 10 rpm about its axis maintains a thin film 
of liquid on the inside of the tube. A 100 mesh stainless steel screen is placed over 
the tube entrance to keep out large particles which would interfere with the sedi- 
mentation analysis. A separate evaluation method for these large particles is 
under development. 


Fic. 3. OpticaAL SystEM OF Dust Spot 
EVALUATOR 


USP light mineral oil was used when the sampler was operated wet. At the 
end of a run, the mineral oil was washed out with acetone to which just enough 
naphtha had been added so that all of the oil would dissolve. The suspension 
was then centrifuged in a small laboratory centrifuge for about 1 hr to precipitate 
all particles above about 0.15 uw. The supernatent liquid was then siphoned off 
and the particles resuspended in sufficient 30 percent naphtha, 70 percent acetone 
mixture to fill the feeding chamber of the centrifuge tube. Particle size distribu- 
tion was then determined using the apparatus and procedures previously described‘ 
with acetone as the sedimentation liquid. Acetone is the only sedimentation liquid 
tried which yielded a size distribution which would check with the microscope and 
photometric data. This is fortunate because the low viscosity of acetone (0.3 
centipoise) permits relatively rapid size determinations to below 0.2 wu. 

When the electrostatic sampler was operated dry, the precipitated dust was 
washed from the tube with pure acetone. The rest of the procedure was identical 
to that just described. 

Samples collected on the aerosol type miilipore filters were released by dissolving 
the dirty filter in pure acetone in a centrifuge tube and then following the rest o: 
the procedure. 

All of the sedimentation size analysis work here reported was done with 0.75 
mm bore capillary tubes and the apparatus previously described‘. In order to 
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get sufficient sediment height, the sampler was run 4 to 6 hr at a flow rate of about 
7 2 cfm when sampling the relatively clean air in the laboratory. It is believed that 
special tubes and slight modification of the optical system of the reading devices 
will eventually permit a sufficient sample to be obtained in 1 to 2 hr and eliminate 
the necessity of taking a separate sample for photometric evaluation. The amount 
of sample required at present gives too high an optical density for accurate photo- 
metric evaluation. 


TABLE 1—CALCULATION OF EFFECTIVE SCATTERING AREA FOR ATMOSPHERIC Dust 
S1zED BY MICROSCOPE 


(1) (2) | (3) | (4) (5) (6) 
é | | 
MICRONS n® nd? K Knd? 
<0.447» 4100 | 0.090 | 369 1.30 489 
0.447 804 0.199 160 2.96 474 
0.634 664 | 0.402 | 267 4.30 1150 
0.895 75 0.80 | 60 3.56 214 
: 1.268 25 1.61 40 2.50 100 
bg 1.82 14 3.31 46 2.15 99 
2.51 7.1 6.30 45 2.00 90 
3.58 7 12.8 78 2.00 156 
5.06 25 .6 2.00 
: 7.15 | 51.0 | 2.00 
10.13 102 2.00 
4 14.3 204 2.00 
a 20.2 | 1 408 408 | 2.00 816 
4 3579¢ 
| 


* = for 82 fields;> = assumed size = 0.3 © Figure is = Kj nj dj, in (microns)?. (Sample obtained 2/23/55). 
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Some typical size distributions of air-borne dusts determined in this way are 
given in Fig. 6. 


PHOTOMETRIC MEASUREMENTS ON Dust Spots 


Though photometric measurements of dust spots on filter paper can not be made 
to yield a complete size distribution, such measurements are related to the total 
projected area of the particles in a given quantity of air. Therefore, these meas- 
urements offer an independent method of checking the size distribution and con- 
centration measurements made by other methods. Derivation of the relationships 
between photometric data and the size distributions is given in the Appendix. 


Fic. 5. ELECTROSTATIC AIR SAMPLER HEAD SHOWING ELEC- 
TRODES, SAMPLE TUBE, AND LINT SCREEN 


Two different methods and 3 different filter media were used for dust spot sam- 
pling. For a continuous 24-hr record, an AJ SJ automatic air sampler® was used. 
This sampler automatically takes a sample every 2 hr on No. 4 filter paper tape. 
One of the limitations of this instrument is the necessity of comparing light trans- 
mission adjacent to the spot with that through the spot in order to calculate the 
relative concentration in cohst per 1000 ft as defined by Equation A-1 (see Ap- 
pendix). For the No. 4 filter paper and for some glass fiber that was also tried, 
the standard deviation in light transmission between adjacent areas 1.5 in. apart 
averaged about 2 percent. It may be seen from Table 2 that the probable percent 
error in the calculated dust concentration becomes rather large at low dust levels. 

When more accurate photometric data were desired, samples were taken on filter 
media held in a commercial holder for the 47 mm size millipore filters and the 
light transmission evaluated over the same area before and after sampling. 


+ A measuring unit, the amount of carbonaceous material corresponding to an optical density of 0.01; 
also optical density x 100. 
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TABLE 2—PROBABLE ERROR IN Dust CONCENTRATION MEASURED BY THE AISI 
SAMPLER, CAUSED BY VARIATIONS IN LIGHT TRANSMISSION THROUGH THE 
FILTER TAPE 


| 95% CONFIDENCE INTERVAL® 
Conus PER 1000 FT | OPTICAL DENSITY On Cous PER 1000 FT 
4 0.190 +10% 
2 0.950 +20% 
1 0.470 +32% 
0.5 0.024 +73% 


® For 2 percent standard deviation in light transmission. 


The photometer used to evaluate all of the dust spots is shown in Figs. 2 and 3. 
It consists of a high grade electronic voltage regulator supplying power to the 
photometer lamp, the photometer proper shown in Fig. 3, and a commercial micro- 
scope light meter. The latter is convenient because its high sensitivity permits 
full scale deflections for relatively opaque filter materials such as the millipore and 
glass fiber papers. Table 3 gives typical light transmission values for the various 


© 6 TO I2PM. FEB, 22,1955 
4:30 TO 9PM. FEB.28,1955 


A_| 
5 
a! 
4 
0.2 


STOKES EQUIVALENT SPHERICAL DIAMETER- MICRONS 


Fic. 6. TypicAL SEDIMENTATION SIZE DISTRIBUTIONS OF 
ATMOSPHERIC Dust 


filter materials. With reasonable care, light transmission measurements accurate 
to about 0.3 percent can be made with this apparatus. Though this instrument is 
reasonably satisfactory, a more versatile photometer of the compensated, null 
type, which should give 0.1 percent accuracy, is now being designed. 

To determine the exact relationship between the optical density as measured on 
the filters and that predicted from light scattering theory, a number of additional 


| 
| 


470 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND AIR-CONDITIONING ENGINEERS 


experiments were carried out with varying photocell arrangements and with the 
filter immersed in liquid. These experiments were performed using the commercial 
photometer and a standard microscope and lamp. By using various numerical 
aperture objectives on the microscope, light could be accepted through varying 
cone angles. 


TABLE 3—PERCENTAGE LIGHT TRANSMISSION OF VARIOUS FILTER MEDIA 


MEDIA | % TRANSMISSION 
Aerosol Type Millipore 2.8 


RESULTS AND DISCUSSION 


Table 4 summarizes the data obtained from the various size distribution meas- 
urements and calculations. Column 2 gives the particle densities that were as- 
sumed in calculating the centrifuge tables and for determining the dust concentra- 
tions in column 4. As a result of average density determinations on dust taken 
from a number of electrostatic air cleaners, it was originally believed that the 
average density of atmospheric dust was about 2.1 g per cc. However, some ap- 
proximate specific gravity separations indicated that density of the dust samples 
being collected in the laboratory was probably closer to 1.6. This value was, 
therefore, used for some of the later runs. Work is proceeding on a simple method 
for estimating the average density of the sediment collected in the centrifuge tube. 

Columns 5 to 8 give a number of the parameters of the size distributions. Col- 
umns 9 and 10 were calculated using equations A-6 or A-8. Based on measure- 
ments on similar materials the porosity, 8, was assumed equal to 0.3 in calculating 
column 10. 

Comparison of the cohs per 1000 ft calculated from the size distributions, column 
10, and the values measured photometrically, column 12, shows good agreement 
for all except the run on February 22. The mean coh value for column 10 is 1.28 
and that for column 12 is 1.44, a difference of approximately 10 percent. The 
following discussion of a few of the uncertainties entering into the calculations 
shows that the agreement between the values in columns 10 and 12 is probably well 
within the experimental error. 

While considerable information is available on light scattering coefficients for 
particles suspended in a transparent medium, none is available for particles in or 
on a filter as used in the conventional dust spot measurements. Therefore, certain 
simple experiments were carried out to estimate the accuracy with which the light 
scattering theory for transparent media could be applied to particles on a diffusing 
filter medium. 

One simple experiment is illustrated in Table 5. Optical densities were measured 
with the dirty surface toward and away from the light source. A study of column 
6 shows that the millipore filters which have all the particles lying essentially in 
one plane at the surface may exhibit considerably different light transmission values 
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TABLE 4—StMMARY OF SIZE ANALYsIS DATA ON ATMOSPHERIC Dust SAMPLES 
‘TAKEN IN THE PARTICLE TECHNOLOGY LABORATORY 


a) | @) 3 !| | 
LENGTH | METHOD As- |  CoLorR CONCEN- d's dn 
DaTE TIME | OF RUN oF COoL- SUMED OF TRATION | MI- o% Mi- 
| P.M. Hours | LECTION GM/cc | SEDIMENT MG/M? | CRONS CRONS 
2/20 | 100 | 6 Note1 | 2.1 | Lt Brn | 0.096} 4.3 | 2.47 | 0.65 
2/22 6:00 6 Note 1 ee Dk Brn | 0.172 | 7.9 1.66 | 0.95 
2/23 5:30 6 Note 1 a 0.061 | 2.3 3.36 | 0.49 
2/25 9:45 5 Note 1 1.6 0.098 | 4.6 | 3.11 | 0.66 
2/25 5:00 8 Note 2 1.6 0.102 |. 3.3 2.56 | 0.54 
2/27 6:30 6 Note 3 1.6 Black 0.081 | 2.4 | 3.16 | 0.62 
2/28 4:30 41% Note 3 1.6 Black 0.121 | 3.1 2.75 | 0.88 
2/28 | 10:00 6 Note 3 1.6 Black 0.080 | 2.1 2.60 | 0.59 
3/1 5:30 | 6 Note 3 1.6 Note 4 0.049 | 1.8 | 3.27 | 0.46 
MIcROSCcOPE DaTA 
| |émin.| Note 3 | | | 0.77 | 1.91 | 0.32 
| 6 hrs. | Note 3 | 0.78 | 1.85 | 0.30 
| | 
SEDIMENTATION DaTA 
(11) (12) 
(8) (9) | (10) | AISI SAMPLER 
DATE ds Note 5 COHS PER | 
MICRONS 1000 FT 
| COHS PER 
MEDIA 1000 FT 
2/20 2.60 10000 1.24 Paper 4 0.46 
2/22 5.10 4400 0.48 Paper 4 3.20 
2/23 1.54 16300 0.83 Paper 4 0.75 
2/25 2.58 10800 1.16 Paper 4 1.14 
2/25 2.01 | 13800 1.58 Paper 4 1.48 
2/27 1.61 19100 4.92 Paper 4 2.05 
2/28 2.35 11200 1.48 Paper 4 1.44 
2/28 1.68 | 17000 1.54 Paper 4 1.31 
3/1 1.13 | 27000 | 1.50 Glass Fiber i. 
Microscope DATA 
2/8 0.56 | 1.83 | 
2/23 0.62 | 0.98 | Paper 4 0.75 


| 
| | | 


rd 1.—Wet electrostatic collection; Nolte 2—Dry electrostatic collection; Note 3—Millipore collection; 
Note 4—Indicates sediment 4% brown and % black; Note 5—(K jv) (1/dj) in square centimeters per cubic 
centimete T. 


under different conditions. The data shown in this table and other similar studies 
with the microscope using objectives of varying numerical aperture have led to 
the following conclusions: 


A. The ratio of the optical density with the dirty surface away from the light to that 
with it toward the light decreases with increasing penetration of particles into the filter, 
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TABLE 5—LIGHT TRANSMISSION STUDIES ON DIFFERENT FILTER MEDIA WITH 
Two DIFFERENT PHOTOCELLS 


(1) (2) (3) (4) (5) (6) 
MEASURED | PHOTOCELL® OPTICAL OPTICAL OD Away 
FILTER MEDIA AFTER ARRANGE-, DENSITY Density 
RUNNING-MIN. MENT . Dirt Away |Dirt Towarp | OD Towarp 

HA Millipore........ 15 A 0.040 0.024 1.67 
HA Millipore........ 30 A 0.066 0.046 1.44 
HA Millipore........ 60 A 0.119 0.093 1.28 
HA Millipore........ 180 A 0.301 0.254 1.19 
HA Millipore........ 180 B 0.308 0.193 1.60 
ee 15 A 0.024 0.024 1.00 
Paper 41 30 A 0.046 0.047 0.98 
Se 90 A 0.104 0.104 1.00 
| See 90 B 0.103 0.099 1.04 
Gises Fiber......... 15 A 0.193 0.169 1.14 
Pee 30 A 0.327 0.298 1.10 
Glass Fiber......... 15 A 0.195 0.172 3.33 
eee 30 A 0.351 0.321 1.09 


® A = Photometer head as shown in Fig. 3. B = 60 mm diameter photocell lying in contact with the 
filter media. 


decreases with increasing optical density and decreases with decreasing effective numer- 
ical aperture of the photocell. 

2. The optical density of the filter with the dirty surface toward the light is probably 
the closest to and within a factor of about 1.4 of that which would be predicted from 
light scattering theory for transparent media. 


TABLE 6—CALCULATION OF EFFECTIVE SCATTERING AREA FOR ATMOSPHERIC Dust 
ANALYZED BY SEDIMENTATION. SAMPLE COLLECTED 2/23/55 


9 
(2) (3) (4) (6) (8) ; 7 

(1) % MIDPOINT % (5) AREA (7) SCATTER- | SCATTER- 

d UNDERSIZE| OF SIZE IN 1/d PER SIZE K ING ING AREA 

MICRONS BY RANGE RANGE cm! RANGE | (M = 1.5) AREA-CM? |LESS THAN 
VOLUME | MICRONS (4) x (5) (6) x (7) SIZE 

0.25 0.1 0.225 0.1 44500 45 0.90 40 0.25 
0.30 1.0 0.275 0.9 36300 327 1.04 340 2.3 
0.35 3.0 0.325 2.0 30800 616 1.67 1030 8.7 
0.40 5.0 0.375 2.0 26650 531 ye 1190 15.9 
0.50 9.2 0.45 4.2 22200 918 2.96 2720 32.6 
0.70 13.0 0.60 3.8 16780 642 4.15 2670 49.0 
1.0 16.9 0.85 3.9 11750 458 3.83 1760 59.8 
4.5 31.0 1.25 14.1 8000 1130 2.50 2820 77.1 
2 40.7 1.75 9.7 5720 554 2.18 1210 84.6 
4 67.7 3.0 27.0 3330 900 2.00 1800 96.6 
8 75.4 6.0 UP 1660 128 2.00 256 97.1 
14 93.8 11.0 18.4 910 167 2.00 335 99.3 
20 98.5 17.0 4.7 588 59 2.00 118 99.9 

25 99.2 22.5 0.7 444 4 2.00 8 99 .96 
30 100.0 i 0.8 358 2 2.00 6 100.0 

16303" | 


® Figure is 2K jvj 1/dj = 16303 cm? per cm’, 
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The second conclusion is also supported by another simple experiment that was 
performed to see if the assumed index of refraction of 1.5 was reasonably close to 
the true value. In order to obtain the K values tabulated in column 7 of Table 6 
from Fig. 7, it is necessary to assume a value of m. From microscopic observation 


AREA 


EFFECTIVE SCATTERING 
OVECTED AREA 


Sh 
2 


+2 


a2 Lo 10 100 
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Fic. 7. UNIVERSAL LIGHT SCATTERING CURVE (AFTER SIN- 
CLAIR§) 


Np, and hence m in air, was estimated as 1.5. If this is near the correct value, 
measurements of the optical density of the particles on a millipore filter immersed 
in a liquid, having a refractive index near that of the particles, should be less by a 
calculable amount than for the same filter in air, providing also that the measured 
size distribution is correct. In Table 7 are some measurements made in air, and 
in 4 different liquids together with the calculated ratios for the microscope and 


TABLE 7—OptTicAL DENSITY OF ATMOSPHERIC DusT ON A MILLIPORE FILTER 
IMMERSED IN DIFFERENT FLUIDS 


OD OD 
LiGHT MEASURING INSTRUMENT FLuip ™m Away TOWARD 

Air 1.000 0.077 0.074 

Microscope and Photometer Inst.. . . on 4.525 0.0313 
i 
Microscope and Photometer Inst....| Benzene 1.501 0.0334 
Microscope and Photometer Inst... .| Carbon Tet.| 1.463 0.0310 
Microscope and Photometer Inst.. . . Water 1.330 0.0386 
METHOD OF DETERMINATION OD IN AIR 
OD Liquip 

Measured (average for 4 liquids) 2.28 
Calculated from Microscope (m = 1.1) 2.16 


Calculated from Sedimentation (m = 1.1) 2.07 
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sedimentation size distributions as given in Tables 1 and 6. The relatively good 
agreement indicates that the assumed refractive index of 1.5 is approximately cor- 
rect, that the variation in K with p given in Fig. 7 is reasonably correct and that 
the measured size distributions are reasonably close to the effective size distribution 
of the particles on the dry filter and hence to the distribution of air-borne aggre- 
gates. This latter conclusion was further supported by microscopic observation 
of the particles resuspended after the sedimentation size distribution had been 
determined. The size and shape of the aggregates appeared to be the same as 
those on a dry millipore filter. 

It will be noted in Fig. 7 that the highest K value occurs at a particle size of 
about 3 uw for m = 1.1. This m value corresponds approximately to that of the 
dust suspended in acetone. This is confirmed by the fact that the suspension in 
the capillary of the sedimentation tube appears the most dense at about 1 to 3 
uw during the analysis. 

From these data, certain important conclusions can be drawn regarding the 
meaning and usefulness of each of the 3 methods of measurement used in this 
study. 

Fig. 4 and Table 1 illustrate some of the limitations of the microscope method 
of measurement of the size distribution of air-borne dust. In Fig. 4 it will be 
noted that 72 percent by number of the particles counted lie at or below the limit 
of resolution, which means that the number distribution is probably considerably 
in error. 

The accuracy of a weight or volume distribution calculated from the microscope 
number distribution is even more open to question because of the large volume of 
a few large particles relative to the volume of the small particles. However, due 
to the sharp decrease in K for both large and small particles, it is possible to cal- 
culate the equivalent optical density of dust spots with reasonable success from 
the microscope size distribution. 

The limitations of the sedimentation method are not quite as numerous as for 
the microscopic methods, but must be kept in mind in interpreting size distribu- 
tion measurements. Perhaps the largest uncertainty arises from the necessity of 
assuming a mean density in calculating Stokes’ equivalent spherical diameter. 

From Stokes’ Law, it is possible to derive the following expression for the error 
in calculated particle size for given errors in particle density. 


7° error ind = 100 E - 4/22 
Passumed Po 


For example, if ptrue = 1-6, Passumea = 2-1, Pp = 0.8, the percent error in d would 
be 22 percent. 

Since the projected area of the particles is proportional to the square of the par- 
ticle diameter, the error in the cohs per 1000 ft calculated from the size distribution 
would be: 


Percent error in cohs per 1000 ft = 100 [1 — (true — 0o)/(Passumea — Po)] 


For the values assumed, the percent error in the calculated cohs per 1000 ft 
would therefore be 38 percent. In practice, it is believed that the density of the 
dust can probably be estimated to within 15 percent. Under this condition, the 
error in particle size would be about 10 percent, and the error in calculated cohs 
per 1000 ft, about 20 percent. 
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A second limitation of the sedimentation method arises from errors in the cumu- 
lative size distribution curve of the fine particle size caused by compaction of the 
sediment column and the smallest increment in sediment height which is readable. 
For example, in Fig. 4 the volume distribution curve by sedimentation is dashed 
below 0.3 w because the minimum readable increment corresponds to about 1 per- 
cent of the total sediment height. 

In view of the known uncertainties in the various measurements and calcula- 
tions, it may be concluded that the agreement between the calculated and observed 
cohs per 1000 ft in columns 10 and 12 Table 4 is within the experimental error. 
If this is the case, it is possible to draw a number of interesting conclusions regard- 
ing the meaning of the dust spot method when used to measure atmospheric dust 
concentration. 

Fig. 8 is a plot of the effective scattering area contributed by each particle size 
range of the volume distribution curve, by sedimentation shown in Fig. 4, relative 
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to the total scattered by the dust. From this curve and from columns 2 and 9 
of Table 6, it is apparent that the optical density of the dust spot is due primarily 
to particles between about 0.3 and 1.5 wu size. From Table 6 it may be noted that 
the 40 percent by volume of particles between 0.3 and 2 yw contributes 83 percent 
of the total optical density. It may aiso be noted from Fig. 7 that the rapid de- 
crease in K for small particle sizes means that the dust spot method is not sensitive 
to particles below about 0.3 yu, if white light is used. 

This may be a possible explanation for the relatively good agreement between 
the calculated and cbserved coh values. The microscopic method is insensitive 
to these small particles, because they are below the limit of resolution; the sedi- 
mentation method is inaccurate, because there is only a small percent by volume 
below this size, and the photometric method is insensitive to these small particles, 
because of the rapid decrease in K. 

Thus, there is a need for a practical method of size distribution measurement 
below the 0.3 4 size range. There is some hope that the sedimentation method 
could be useful in this range if proper techniques were developed by comparison 
with the electron microscope. 
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From Fig. 7 it is seen that for an m value of 1.5, the peak in K occurs at about 
0.7 uw. This means that the dust spot method is most sensitive to particles of 
this size. However, the peak in the effective scattering area of the dust sample 
shown in Fig. 8 occurs at about 0.5 uw because of the relatively large volume frac- 
tion of dust particles between about 0.3 and 1 yp. 

Though the nine analyses shown in Table 6 certainly do not represent the range 
of size distribution and concentration of atmospheric dust that may exist, these 
data do show that considerable variation in size distribution may occur. Visual 
observation of the color of the sediment in the sedimentation has also revealed 
that the character of the dust is variable. For example, the sample taken on 
February 20 was collected during a very high south wind. The sediment for 
this analysis was a very light brown in contrast with the black color exhibited on 
days when the wind velocity was low and was blowing from the industrial area of 
Minneapolis, Minn. 

Since the procedure here described is intended for the analysis of the finer par- 
ticle sizes, a separate method for the evaluation of lint and other large particles 
is under development. When the lint evaluation procedure has also been de- 
veloped, it is planned to use the combined techniques to make a study of the size 
distribution and concentration of air-borne dust under a variety of atmospheric, 
industrial and residential conditions. 
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APPENDIX 


Derivation of relationship between number and volume particle size distribution and the 
optical density of a dust spot: In order to compare particle size distribution and concen- 
tration measurements with discoloration, it is necessary to calculate the equivalent 
discoloration from the size distributions. A convenient unit for comparison is the coh 
per 1000 ft of air suggested by Hemeon®. 


I I 
gt l 
A 


10° X logio 10° X logis 


cohs per 1000 ft = (A-1) 


Thus, the cohs per 1000 ft are actually the hundredths of a unit of optical density 
accumulated on the filter per 1000 linear ft of air drawn through the filter. 

For spherical particles, the optical density for particles of diameter d is given by the 
following’: 


logio = 0.433 K Ny@l. . . . (A-2) 
Substituting Equation A-2 into A-1 yields 
cohs per 1000 ft = 4.33 Nyd?. . .. . (A-3) 


The total scattering coefficient, K, is a complex function of the ratio of the particle 
diameter to the wave length of the light used, the absorption, the refractive index, the 
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shape of the particle, the geometry of the optical system used, as well as other factors. 
However, Sinclair® has shown that for a given wave length, to a good approximation, 
K can be expressed as a function of d [{m? — 1/m? + 2] where m is the relative refractive 
index of particle to suspending medium. This function is plotted in Fig. 7. Since 
K depends on particle size, it must be included in the formulas for calculating the total 
effective scattering from the size distributions. 


NOMENCLATURE 
A = area of filter. n; = number of particles in class in- 
A, = area of filter counted by micro- terval 7. 
scope. OD = optical density = logio 
d = particle diameter — microns, cen- q = sampling rate, volume per unit 
timeters or feet, as noted. _ time. 
d, = geometric mean of number size dis- Q = total volume of air sampled. 
tribution. t = elapsed time. 
‘ 
a’, = geometric mean of volume or  Y, = total volume of particles collected 
weight size distribution. = (1 — @) X sediment volume in 
d, = arithmetic mean of number size centrifuge tube. 
distribution. , Vo = apparent sediment volume in cen- 
d, = arithmetic mean of volume size trifuge tube. 


distribution. | v; = volume fraction of particles in class 
d, = size of particle of average pro- Lapaeuel t 


jected area. 

I = intensity of light transmitted 
through a dirty filter. 

I, = intensity of light transmitted ™p 


ll 


particle density, grams per cubic 
centimeter. 
refractive index of particle. 


> 
ll 


through a clean filter. nm = refractive index of surrounding 
K = total scattering coefficient. medium. : 
K; = scattering coefficient for particles 6 = sediment porosity = 0.26 for 
of size 1. spheres. 
l = linear feet of air sampled = Q/A. o, = geometric standard deviation of a 
m = np/nm particle size distribution = 
N = total number of particles counted 
during a microscope count. — dat 84% 
Ny, = number of particles per unit vol- 
° dat 16% 
ume of air. 


Volume Distribution: Since the effective scattering area per particle is Kd? and the 
volume per particle is +/6 d?, the effective scattering area per unit volume of particles 
of size d is (6 K/x) (1/d), or for a size distribution is 


(6/r) Kj 0; 1/dj 
therefore 
and Equation A-3 becomes 
cohs per 1000 ft = 4.33 K 104.(V,/Q) (6/m) = Kiv; (1/di). . . (A-5) 
Or since Vp = V, (1 — 6), Equation A-5 finally becomes 
cohs per 1000 ft = 8.28 X 104[V.(1 — 6)/Q] = Kivi (1/di) . . (A-6) 


Equation A-6 has been derived for spherical particles. Although no F values are 
available at the present time for other particle shapes, Ellison® indicates that most 
irregular particles can probably be treated as spheres of equivalent volume. 

Table 6 illustrates how the = K, v; (1/d;) is calculated from the volume-size distribu- 
tion determined by sedimentation. 


T 
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Number Distribution: For a number size distribution determined by microscope 
count the average effective scattering area per particle is given by (2 Kj; nj d;*)/N and, 


therefore, 
cohs per 1000 ft = 4.33 104 Kinjdj2)/N . . . . (A-7) 
Since N, = (N/Q) (A/A,) Equation A-7 becomes 
cohs per 1000 ft = 4.33 104 (A/A,Q) Kinjdj?. . . . (A-8) 


Table 1 illustrates the method for calculating = Kj; n; d; from the microscope num- 
ber distribution. 
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DISCUSSION 


C. N. Davies,t London, England, (WRITTEN): The sedimentation method of size 
analysis adopted is open to the objection referred to at the bottom of page 464, namely, 
that it disintegrates aggregates which exist in the airborne dust and measures their 
constituent particles. Presumably the microscope counts on the filters related to ag- 
gregates, though this important point is not mentioned. Another objection to the 
method is the assumption that the porosity of the sediment in the centrifugal tube is 
independent of particle size; it seems improbable that the coarse and fine fractions of 
dust, which are known to have shape factors varying over the size range, will pack in 
similar ways. It is also a little difficult to understand what goes on in the converging 
section of the tube just above the measuring section. 

If it were desired to relate the microscopic counts to the sedimentation method, 
either considerably greater numbers ought to have been taken or the observation res- 
stricted to the particles below a certain size. It is clear that a ridiculous situation arises 
when a single 20 uw particle can influence the distribution so profoundly. A selective 
sampling technique would have avoided this difficulty. 


+ London School of Hygiene & Tropical Medicine. 
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In view of the foregoing remarks, agreement with the light scattering results would 
not be expected to be very good. The light scattering calculations are also open to 
considerable criticism, so that the figures in columns 10 and 12 of Table 4 are a good 
deal closer than would have been anticipated. 

The remarks on page 471 about the effect of reversing the paper should be compared 
with Davies and Aylward{t. The effect is due to diffusion of the incident light by the 
filter. When the particles are towards the light the rays which they scatter in a forward 
direction are all picked up and re-diffused by the filter. Screening is effective only 
within the angle of the incident beam. 

If the particles are on the photocell side they screen light diffused from the filter over 
the entire angle of acceptance of the photocell which is greater than the angle of the 
incident beam; hence the screening is greater. 

It is clear from Fig. 3, that the photocell accepts light scattered by the particles over 
a wide angle. 

Fig. 7 is drawn incorrectiy; when p is large K tends to unity for the photocell close 
to the filter and does not decrease to a smaller value; it is probable, also, that the re- 
fractive index correlation proposed by Van der Hulst is superior to that used, which is 
valid only for very small sized particies in the region of Rayleigh scattering. 

The decrease of the scattering coefficient with increasing angle of acceptance is best 
calculated by diffraction theory for particles above 1 or 2 uw and appears to be under- 
estimated in Fig. 7. (See Fig. A). For particles with a high absorption coefficient it 
seems that K has been over-estimated in the neighborhood of the maximum. 

The reference to Ellison in the Appendix, Reference 9, goes some way beyond what 
he actually wrote. It is true in the Rayleigh-Gans region, but the work in the report 
extends far beyond this and is mainly in the Mecke region where screening is on an area 
basis. 


R. S. Ditt, Washington, D. C.: I find, in looking over what I have done in the past, 
that I was chairman of the TAC on Air Cleaning for 7 years, so perhaps I should be 
expected to have some opinions but everybody wants an executive position, and for 
the last several years so far as air cleaners are concerned, that is what mine has been. 

Now, my attitude toward Dr. Whitby at present is like that of President Lincoln 
toward General Grant. The president was asked why he liked the general as the leader 
of the armies, and he said, ‘‘Well, he fights.’’ So I like what Dr. Whitby is doing be- 
cause he attacks his subject from many different angles. But I don’t know enough 
about his program and findings to comment on the individual points. I respect the 
judgment of Dr. Whitby and the Technical Advisory Committee, and I believe they 
are headed in a direction that may lead to valuable results. Also, I think Dr. Whitby 
knows the challenge here, which is eventually to develop information on which to base 
evaluations of air cleaning devices, in terms that are understandable and usable by 
engineers in every-day practice. 

The investigation is in a field of major difficulty, in which new methods and new 
ideas may be of great potential value, and the information developed will be welcomed 
by all. But the ultimate practical problem of producing a test method for evaluating 
air cleaners realistically, and obtaining general acceptance and adoption of the method, 
will be an at least equally difficult undertaking, judging by past experience. Very 
sound and adequate proof will be needed to advance a proposed method against the 
resistance natural in a field already dominated by strong opinions, and in which lifferent 
groups have made, and are now making, very considerable investments to accumulate 
useful test data, which unfortunately are not all obtained by the same method. 

It is because of this embedded diversity that adoption of one generally acceptable 
method is important, and further, why it will require foresight, prudence, and a solid 
foundation of facts in the present undertaking to achieve success in adoption of a test 


t The Photoelectric Measurement of Coal Dust Stains on Filter Paper, by C. N. Davies and Mary 
Aylward (British Journal of Applied Physics, Vol. 2, December 1951, pp. 352-359). 
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method. It is most encouraging that the Technical Advisory Committee has been 
alle to support, and have the benefit of, the work that is being done by Dr. Whitby. 


GEORGE LAnpGrar, Pittsburgh, Penna.: I have only one small comment. I would 
like to emphasize the correlation between the sensitivity of the light scattering method 
and the general mass media of dust which is found in the atmosphere. I believe Dr. 
Whitby’s values have generally been confirmed by other workers. In other words, 
the sensitivity of the light scattering method seems to be highest between about seven- 
tenths and one and one-half microns, where one would expect to find the majority of 
atmospheric dust. I think that is an important point in the design of testing equip- 
ment. 


S. F. Duncan, Los Angeles, Calif.: In listening to Dr. Whitby’s talk, and particu- 
larly in connection with the colored slides he showed, it seems to me that the colored 
slides should be included in the paper, if at all possible, because it gives a great many 
of us that have not seen these little sedimentation tubes operate a chance to see what 
the deposit looks like. 

Another point that has impressed me about the paper is that Dr. Whitby has taken 
more or less as his objective the determination of what exists as a dust problem in some 
possible location. This, of course, has been a problem of the committee under which 
he works. First, what is the dust problem, and then, possibly second, how can it be 
solved? 

The one question that I have is that with respect to the computation of particle size 
from light scattered data, collected particles on either a standard filter paper or milli- 
pore filter paper, may overlap each other and look like an agglomerate to the photo- 
cell where they were not in the original air stream, and I have wondered if there is any 
way this effect can be either confirmed or denied. 

I think Dr. Whitby is to be complimented on the wide front on which he has attacked 
the problem and that he has made a very sizable contribution to the literature. 


J. W. May, Louisville, Ky.: I really do not feel sufficiently qualified to comment 
on this subject, but find it most interesting. One point that disturbs me to some extent 
is that the constituents of atmospheric dust, as well as the particle size, seem to vary 
with the season of the year, the direction of the wind, the geographical location of the 
point in question, and on other factors. In this paper the author states that he has been 
able to check the particle size determinations within 10 percent by using alternate meth- 
ods, and I cannot help but wonder what practical use the data will have in attempting 
to secure that accuracy—when 15 minutes later we may have an entirely different set 
of conditions. I would like to have Dr. Whitby comment on this situation. To me 
it is a wonderful idea to be able to secure this basic type of data, but I would like to 
know what can be expected in the way of practical application. 


DEAN L. E. SEELEY, Durham, New Hampshire: My question deals with the particles 
that may be soluble in water. What happened in a case like that, in connection with 
sedimentation? Those of you who were at the Surf Club yesterday must realize there 
were many tiny particles of salt in the air, resulting from the evaporation of the sea 
water, and I just wondered what happened. 


Autuors’ CLosure (K. T. Whitby): All I can say in response to Dr. Dill’s kind 
comments is that | hope history justifies his confidence in our work. 

I should like to again emphasize the point made by Mr. Landgraf in his last sentence. 
It is very important to consider what is actually being measured when the dust spot or 
discoloration arrestance of an air cleaner is being determined. 

Unfortunately there is no practical way to reproduce the colored photographs of the 
sediment referred to by Mr. Duncan. The pictures which show the colors of different 
sediment layers have been very useful to us in making estimates of the nature and 
amounts of the different dust constituents. Further data of this type will be presented 
when the results of the current dust survey are available. 
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The Lambert-Beer Law relating concentration and light extinction used to derive 
Equation A-2 accounts satisfactorily for the effects of overlap in the optical density 
range used here. 

Mr. May’s reaction to the variability of airborne dust is natural and reasonable, but 
I cannot agree with him, that the situation is hopeless. I have confidence that when 
sufficient data are available on all of the various characteristics of airborne dust, many 
conclusions useful for engineering purposes will be forthcoming. At the time of writing 
of this closure (October 1955), useful information is already evolving from the dust 
survey data. Space and scientific caution does not permit a discussion of these con- 
clusions at this time. 
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Dean Seeley’s question about the effect of particle solubility on the results is well 
justified. Actually acetone is being used for the sedimentation liquid. Acetone ex- 
traction on a large number of samples by Chambers, et al* showed that the acetone 
soluble fraction averaged about 5 percent and was rarely over 15 percent by weight. 
We feel that this small error is far outweighed by other advantages of our procedure. 

In addition to the discussions submitted to the ASHAE Meeting, another fine discus- 
sion was received by the authors at the request of Mr. Hemeon, from Dr. C. N. Davies. 
Permission was received by the authors to present this discussion here. 

Dr. Davies brings up a number of technical points which are worthy of discussion, 
but which do not affect the validity of the conclusions drawn in the paper. It should 
be emphasized again that the agreement with 10 percent or so of the averages of columns 
10 and 12, Table 4, does not imply that our conclusions are based on such agreement. 
As is pointed out by Dr. Davies, the magnitude of the various assumptions made in 


* The Characteristics and Distributions of Organic Substances in the Air of Some American Cities, by 
L. A, Chambers, E, C. Tabor and M. J. Foter (R. A. Taft Sanitary Engineering Center, U.S. Public Health 
Service, Cincinnati, Ohio). 
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the calculations is such that the best agreement that can be expected is within a factor 
of about 2. Why this level of agreement still constitutes a good overall check on the 
validity of the size analysis method can best be seen from Table 6. Note in this table 
that 49 percent of the total light scattering power of the dust is caused by only 13 per- 
cent by weight of the dust which is below 0.7 uw. Doubling the weight of dust below 
0.7 » would cause nearly 50 percent change in the light scattering power of the dust. 
The large effect on the optical density caused by a relatively small change in the size 
distribution, is the factor which makes this method of checking the size analysis useful. 

The questions raised by Dr. Davies in the first paragraph of his discussion are dis- 
cussed in Part II of the paper[ on the centrifuge method. 

Dr. Davies’ suggestion that it would be better to use K values calculated from diffrac- 
tion theory, rather than from light scattering theory is a good one. Subsequent work 
in our laboratory has shown that photometric methods essentially measure only the 
opaque particles on the filter. Therefore it is better to use the diffraction curves for 
opaque particles as shown in Fig. A for the calculations. However, this will reduce 
the magnitude of the calculated coh values in Column 10, Table 4, by only about 25 
percent for most samples. 

The effect of angular aperature as shown in Fig. A, must be accepted with considerable 
reservation. The curves shown in the figures are for particles in a transparent medium. 
Although studies are not complete of the effect of angular aperature, when the particles 
are suspended on a translucent filter material, the indications are that the K vaiues 
do not decrease as rapidly as indicated in the figure, as the aperature is increased. 
While these effects do not affect the validity of the general conclusions drawn in the 
paper it appears that they must be taken into account whenever discoloration meas- 
urements are used for filter evaluation or other critical applications. The optical de- 
sign of the photometer can have considerable effect on the relationship between the 
optical density and the dust load on the filter. At the present time a newly constructed 
high sensitivity null balance photometer is being used to study some of these factors. 
This work will be reported in a future paper. 

Dr. Silverman of Harvard University has brought to the attention of the authors, 
the fact that Burke*, had devised a sedimentation method for the analysis of dusts 
deposited on millipore filters, and this work is credited at this time. 


O) This paper begins on page 449 of this volume. 
*® AITTA Quarterly, by W. C. Burke, Jr. (Vol. 14, 1953, p. 299). 
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SOURCES OF VENT GAS IN A 
HOT WATER HEATING SYSTEM{ 


By L. N. Montcomery*, Boston, Mass., AND W. S. Harris**, URBANA, ILL. 


T IS a recognized fact that gases continue to accumulate in hot water heating 

systems even though the systems have been in operation for years. While indus- 
try has developed automatic air vent valves and other devices intended to reduce 
the necessity of periodic manual venting of the gas, there has been little study of 
the possible sources of this gas. 

It was observed during the course of the regular research work at the I=B=R 
Research Home that it was necessary to vent the room heating units on a regular 
schedule to prevent air binding. Furthermore, it was noted that the most gas col- 
lected in the room heating units on the second story which were connected to the 
main near the boiler supply connection, and lesser amounts collected in the other 
second story units and the first story units near the boiler. Only traces of gas were 
ever vented from the other radiators in the system. This observation and previous 
work by others suggested that the mechanism of vent gas accumulation and its re- 
lease was suited to experimental analysis. 


DESCRIPTION OF EQUIPMENT 


The Research Home, shown in Fig. 1, was a two-story dwelling designed and 
furnished to represent a well-built American home. It was equipped with instru- 
ments to measure operating conditions of the heating system and temperatures pro- 
duced and for recording room air and hoiler water temperatures. Thermocouples 


+ This paper is a digest of a thesis submitted by the senior author in partial require: ent for the degree of 
Master of Science in Mechanical Engineering in the Graduate College of the University of Illinois. 

© poy (jg), United States Navy. Former Research Associate in Mechanical Engineering, Univer- 
sity o inois 

** Research Professor of Mechanical Engineering, Univ ersity of I'linois. Member of ASHAE. 

Presented at the Semi-Annual —— of the AMERICAN SociETY OF HEATING AND AIR-CONDITIONING 
ENGINEERS, San Francisco, June 1955 
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were provided for measurement of air temperatures throughout the house, and for 
-measurement of water temperature at various points in the heating system. An 
elbow meter! was provided for measuring water flow rates in the system. 

The same heating system was in continuous use during the time covered by this 
report. It wasa one-pipe, forced-circulation hot water system, designed in accord- 
ance with I= B= R Installation Guide No. 100. The supply and return trunks were 
1-in. iron pipe, and 34-in. pipe was used for the mains in the north and south loops. 
All branch piping was 14-in. A diagram of the piping layout is shown in Fig. 2. A 
design water temperature of 215 F was used to determine the amount of radiation 
installed in each room. 


Fic. 1. I=B=R ReEsEARcH HOME 


The only changes made to the heating system as a part of this investigative pro- 
gram were made during the summer of 1952. At that time, an 18 gal air cushion 
tank was substituted for the 24 gal tank in use during the 1951-52 heating season. 
At the same time, the point at which the air cushion tank was connected to the heat- 
ing system was changed from the angle flow control valve above the boiler to a 
special dip-tube boiler fitting. 

The 3-section, cast-iron boiler was fired by a single-port gas conversion burner 
using natural gas with a heating value of 1000 Btu per cu ft. The firing rate was 
maintained at 100 cu ft per hr, and the carbon dioxide content of the flue gas was 
held at 8 percent. Under these conditions the measured gross boiler output was 
66,000 Btu per hr. 

A diagram of the control circuit is shown in Fig. 3. The high limit control in the 
boiler stopped the burner at boiler water temperature of 235 F, but allowed the 
circulator to continue operating. The low limit control in the boiler was set to main- 
tain the boiler water temperature above 165 F when the circulator was not operat- 
ing. It was disconnected during some special tests. 


1 The Use of an Elbow in a Pipe Line for Determining the Rate of Flow in a Pipe (University of Illinois, 
Engineering Experiment Station Bulletin 289, 1936). 
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ANALYSIS OF VENT GASES 


A preliminary study of possible vent gas sources indicated that gases might be 
transferred from the air cushion tank by solution and later released from the water 
in the system; that they might be evolved from chemical reactions occurring in the 
system; and that they might enter the system as dissolved gas in the fill water. 

A representative sample of gas vented from the system approximately 40 days 
after filling the system with tap water had the analysis shown in Table 1. 

It was considered that the source of the carbon dioxide might be either dissolved 
gas in the fill water or dissolved bicarbonates which were being broken down into 
carbonates, gas and water. Some methane was known to be dissolved in the tap 


Fic. 4. RuBBER BuLB IN AIR CUSHION TANK 


water used to fill the system, and it was assumed that this source accounted for all 
of the methane present. The hydrogen was probably released in a gas-evolving 
corrosion reaction which would dissolve iron in the process. The quantity of nitro- 


TABLE 1—COMPOSITION OF GASES VENTED FROM CONVENTIONAL Hot WATER 


SYSTEM 
COMPOSITION PERCENT 

EXTRACTED GAS | BY VOL. 


gen, however, was too great to assume that it was dissolved in the water used for 
filling the system. It was evident that there must be a continuing source of this 


gas. 
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Arr CusHION TANK AS A VENT GAS SOURCE 


The air trapped in the air cushicn tank was a likely source of the nitrogen and 
oxygen observed in the vent gases. This air is intended to provide a relief for ther- 
mal expansion as the water in the main part of the system is alternately heated 
and cooled. Thus, water from the system enters the tank compressing the air 
slightly during the time the burner is in operation. The water in the air cushion 
tank was essentially at room temperature, and remained so because the mass of hot 
water transferred by expansion was small compared to the volume of the water 
already in the tank. Since gases are more readily soluble in cold water than in hot, 


Fic. 5. Arr CusHION TANK 


some of the air in the tank was taken into solution by the water. As the system 
cooled some water containing dissolved air left and went back to the system. This 
process gradually increased the concentration of dissolved gas in the entire heating 
system until eventually the saturation point was reached at some point during 
periods of each heating cycle. Gases were then released in the system piping, the 
boiler or room units and carried through the system as bubbles to collect at high 
points. 

An air tight rubber bulb, Fig. 4, was inserted in the tank through the fitting shown 
in Fig. 5. After insertion, the bulb was inflated to slightly above atmospheric pres- 
sure and the remaining space inside the tank was completely filled with water by 
venting all free air as the tank was filled. An air cushion was thus provided, but 
with no direct contact of air and water. 

After the system had operated for two weeks the rate of gas release was measured 
and a sample taken for analysis. The rate of gas release when operating with no 
direct contact of air and water in the air cushion tank was reduced to roughly one- 
quarter of the rate obtained when operating with free contact between the water and 
the air. Table 2 shows the vent gas analysis for 2 successive bi-weekly tests. 

The actual rate of release of hydrogen and methane in these tests had not changed 
to any marked degree from the rate of release before the rubber bulb was inserted 
in the air cushion tank. The reason for the percentage increase of hydrogen and 
methane reported in Table 2 as compared with Table 1 was that the total rate of 
release of nitrogen and oxygen had decreased sharply. The small amounts of nitro- 
gen and oxygen which were observed were probably already in solution in the water 
of the system at the time the rubber bulb was installed in the air cushion tank. 
These tests verified the belief that nitrogen and oxygen were transmitted from the 
air cushion tank when there was an interface between the air and water in the tank. 
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CHEMICAL REACTIONS AS A SOURCE OF VENT GASES 


Corrosion Processes: Both the hydrogen and the carbon dioxide which were re- 
ported in the gas analyses in Tables 1 and 2 were considered to be evolved by 
chemical reactions. The source of the hydrogen was assumed to be a corrosion 


TABLE 2—COMPOSITION OF VENT GAS WHEN OPERATING WITH RUBBER BULB IN 
Arr CusHION TANK 


COMPOSITION PERCENT 
EXTRACTED Gas 
First SEconD TEST 
CO, 4.3 0.5 
He 71.9 71.9 
eon Ne 23.3 16.0 
100.90 100.0 


reaction which dissolved iron in the water as ferrous hydroxide and released hydro- 
gen at the iron surface. According to Speller? when an iron surface is exposed to 
water, the iron atoms and hydrogen ions formed in dissociation of water molecules 
will react to form ferrous ions and hydrogen atoms. 


Metal Ions Ion Atoms 


The ferrous ions will go into solution to replace the hydrogen ions and the hydrogen 
atoms will plate out or form a thin film on the exposed surface. Before the reaction 
can proceed any further, the hydrogen atoms must be removed. This can be 
accomplished by destruction of the film. 


Atoms Dissolved Liquid 


or its removal as bubbles of gas 


Atoms Gas 


For the case being considered, part of the ferrous ions from Reaction 1 remained 
in solution as ferrous hydroxide 


Fett 20H-= Fe(OH). . . 


and the remainder was deposited as a soft, black magnetic coating over the water- 
side of the system. 


want, © ; on and Prevention, by F. N. Speller, (McGraw-Hill Book Co., Inc., New York, N. Y., 
p. 13-16. 
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Whether Reaction 2a or 2b was predominant depended upon the acidity of the 
water and the amount of free oxygen present. From earlier tests it was determined 
that gas was taken into solution by the water in the air cushion tank and then dis- 
tributed to all parts of the heating system. A material balance would be required 
to determine how much oxygen was so dissolved and what portion of this may have 
been used by Reaction 2a. 

During the 1952-53 heating season, the heating system was filled with fresh water 
at the start of the winter, and the same water was used throughout the rest of the 
season. 

The pH of the water used to fill the system initially was 7.60. Within two weeks, 
however, it rose to 8.0 and remained between 8.0 and 8.1 for the rest of the season. 
These pH values indicate the water in the system was at all times neutral or slightly 
alkaline, a condition not favorable for the occurrence of Reaction 20. 


TABLE 3—MATERIAL BALANCE SUMMARY 


AiR CUSHION TANK VENTED Gas 
START | END 
, 
| | | | Bar| | 
8. | 8, | Bed] | 85 
COLUMN | (1) | (2) | @) | (4) | (5) (6) (7) (8) 
Carbon Dioxide........... | CO | 5/-5 | 05] 1.1 
| 21.0; 312 6.9 72 | 240 1.9 4.2 
Ne | 79.0 | 1172 | 92.6! 960} 212 | 97.3 | 212.0 
| 0.3 0.7 
| x = | 1484 | y = | 1037 | 447 218.0 
| 


The material balance, also made during the winter of 1952-53, was started about 
one week after the system had been refilled following alterations. The quantity of 
air lost from the air cushion during normal operation of the heating system was 
determined by the change in water level of a gage glass on the air cushion tank and 
was compared with the quantity of gas vented from the system. 

Over a period of 29 days, a total of 218 cu in. of gas was vented from the system. 
In the same interval the water level in the tank rose 7% in., indicating the loss of 
about 447 cu in. of free air from the tank. The difference between the gas vented 
and the gas lost from the tank was (447 — 218) or 229 cuin. All pipe joints had 
been sealed and checked for leaks and precautions were taken to insure as nearly 
as possible the same amount of gas in solution in the system water at the beginning 
and end of the test. This indicated a loss of gas in some manner other than venting. 

No sample of the air in the air cushion tank was taken at the start of this test, 
but there is no reason to doubt that it consisted of oxygen and nitrogen in about the 
same ratio as found in the atmosphere. This being true, the percentage composi- 
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tion of the gas in the air cushion tank at the start of the test was as shown in Table 
3, Column 2. The percentage composition at the end of the 29-day test was deter- 
mined by chemical analysis and is shownin Column 4. The percentage composition 
and the quantities of gases vented from the system during the 29-day test are shown 
in Columns 7 and 8, respectively. If it is assumed the water in the systems was 
saturated with nitrogen at the start and end of the test, then the quantity of nitro- 
gen in the vent gases must equal the quantity of nitrogen absorbed by the water in 
the air cushion tank, or 


0.792 — 0.926y = 212 cu.in. . . ...... 


where 


x = free volume of gas in air cushion tank at start of test in cubic inches. 
y = free volume of gas in air cushion tank at end of test in cubic inches. 


Also. the change in water level in the air cushion tank indicated that 


Simultaneous solution of these equations yields a value of 1484 cu in. for x and 
1037 cuin. for y. Having determined the values of x and y, the remaining values in 
Columns 3 and 5 of Table 3 were obtained using the corresponding percentage values 
in Columns 2 and 4. The oxygen which apparently combined with hydrogen was 
(240 — 4) = 236cuin. This figure checked closely with the difference in the vol- 
umes of gas lost from the air cushion tank and that vented from the system (447 — 
218 = 229 cu in.). 

Knowing the quantities of oxygen which combined with hydrogen and free hydro- 
gen remaining, Reactions 1, 2a, and 2b may be used to estimate the rate of corrosion 
in the system. Reaction 2a states that 1 volume of oxygen will combine with 2 
volumes of hydrogen gas. Two hundred thirty six cu in. of oxygen were consumed 
by this reaction requiring 472 cu in., or 0.02269 oz of hydrogen. Reaction 1 states 
that the ionization of one atom of iron to the ferrous state will release 2 atoms of 
hydrogen. The atomic weights of iron and hydrogen are 55.8 and 1.0, respectively. 
Therefore, the 0.02269 oz of hydrogen entering into Reaction 2a represented the 
ionization of 0.02269 X 55.8/2 = 0.6330 0z ofiron. The 0.7 cu in. (0.00003147 oz) 
of hydrogen formed by Reaction 2) represents the ionization of 0.0009 oz of iron. 
Over the 29-day test period a total of 0.6330 + 0.0009 = 0.6339 oz of iron were 
dissolved. Thus it appears that the rate of iron corrosion in the system was only a 
few ounces per year. 

Water velocities in the system were fast enough to insure a uniform loss of metal 
with no pitting of the pipe walls; therefore, the rate of corrosion indicated by the 
evolution of small amounts of hydrogen should be no cause for alarm. It should be 
noted that the release of hydrogen gas in very small amounts will not cease, but will 
be a continuing process in any system. The very small extent to which even neu- 
tra! water is ionized is sufficient to allow Reaction 2) to proceed at a slow rate. 

While the generation of hydrogen by Reaction 25 was of interest, it was not and 
is not normally the method by which really destructive corrosion occurs. Reaction 
2a is generally the most active and is dependent upon dissolved oxygen for comple- 
tion. It has been found that the rate of metal corrosion in neutral or slightly al- 
kaline solutions is directly proportional to the concentration of dissolved oxygen. 
Therefore, corrosion will not be a problem in hot water heating systems so long as 
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the concentration of dissolved oxygen in the water is maintained at a low level, and 
the water is maintained neutral to slightly alkaline. 


Breakdown of Dissolved Solids as a Source of Vent Gas: When the heating system 
was being filled at the start of the 1952-53 heating season, a sample of the fill water 
was taken for partial analysis with the following results: 


TEST REPORTED AS PPM 


Within 2 weeks after the system was put into operation the pH of the system rose 
to 8.0 and remained between 8.0 and 8.1 for the rest of the second season. 


At the end of the season, another partial analysis was made with the following 
results: 


TEST | REPORTED AS | PPM 
| Fe | 0.9 


The water supply for the twin cities of Champaign-Urbana comes from local wells, 
and it contains a large amount of calcium bicarbonate in solution compared to the 
calcium carbonate present. This is indicated by the relation between the phenol- 
phtalein (FP) alkalinity test, which gives a measure of the carbonates present and 
the methyl orange (M) test which gives a measure of the bicarbonates. All of the 
alkalinity in the fill water was due to bicarbonates which impart a temporary hard- 
ness to the water. Upon heating, these bicarbonates decompose to release water, 
carbon dioxide, and calcium carbonate, some of which is precipitated. The equa- 
tion for this process is: 


Ca (H COs)2 + heat = COs CaCo3 (6) 
liquid = gas precipitate 


Equation 6 was the source of carbon dioxide observed in vent gases. 


Not all of the calcium carbonate which was released in the breakdown of bicar- 
bonates in the system was precipitated. Some of the carbonate remained in solu- 
tion, as evidenced by the P alkalinity at the end of the season. Where P is less than 
4 M, carbonates in solution are calculated to be 2 P, or, in thiscase 4 ppm. _Bicar- 
bonates accounted for the remainder of the M alkalinity; hence, bicarbonates 
present were (64 — 4)= 60 ppm. The value of 60 ppm was less than one-fifth the 
amount of dissolved bicarbonates present at the beginning of the season. 


' 

. 
| 


492 ‘TRANSACTIONS AMERICAN SOCIETY OF HEATING AND AIR-CONDITIONING ENGINEERS 


Carbonates in solution hydrolyze to form acid ions to a lesser degree than bicar- 
bonates, and if other conditions of the water which affect pH remained the same, 
breakdown of the bicarbonates to carbonates offers a satisfactory explanation for 
the observed increase in pH? 


The amount of iron present in the water at the end of the heating season was not 
enough to affect the turbidity of the water, and was probably present as ferrous 
hydroxide. 


Fitt WATER AS A DitREcT SOURCE OF VENT GAS 


The water used to fill the heating system was a direct source of vent gas, since 
measurable quantities of oxygen, nitrogen, and methane were dissolved in the tap 
water. The total water content of the system used during the 1952-53 heating 
season was 28 gal, including the water in the air cushion tank. When this water 
entered the system, it contained approximately 0.8 parts per thousand (ppt), or 5 
cu in., of methane, 12.5 ppt, or 81 cu in., of nitrogen, and 25 ppt, or 162 cu in., of 
oxygen. Since there was no source of methane other than the fill water, it served as 
a tracer, and its disappearance indicated that the gas dissolved in fill water had been 
completely vented. 


Analyses of the vent gas were made at intervals during the heating season, and 
traces of methane were still observed 4 months after beginning operation. How- 
ever, the analysis after 6 months of operation showed no trace of methane, indicat- 
ing that the fill water was only a temporary source of vent gas. 


CONCLUSIONS 


1. The main source of vent gas in a hot water heating system is nitrogen which is 
transferred from the air cushion tank. Metal corrosion which evolves hydrogen gas 
in small quantities is a secondary and continuing source. Temporary sources are 
gas dissolved in the make-up water or evolved from the breakdown of dissolved 
solids. 


2. Oxygen in the make-up water and in the air cushion tank will combine chem- 
ically in a corrosion reaction, resulting in a drop in the static head of a closed system. 
This corrosion reaction is minor from the standpoint of metal consumed. 
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3 Corrosion Causes and Prevention, by F. N. Speller (McGraw-Hill Book Co., Inc., New York, N. Y., 
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DISCUSSION 


F. N. SpELLER, Pittsburgh, Penna. (WRITTEN): I have read the paper on ‘‘Sources 
of Vent Gas in a Hot-water Heating System’’, and note that this interesting paper is 
based on tests in a closed system with an air cushion tank just above the boiler. How- 
ever, it may be advisable to note by way of discussion that in the common open system 
with a vented expansion tank at the top, the gas accumulated in radiators is mostly 
hydrogen. 

In a tight system the dissolved oxygen is soon fixed and as very little, if any, make up 
water is required, there is only about 3 percent of the corrosion found on steel pipe in a 
hot water supply system, and that is due to the evolution of hydrogen gas. In my resi- 
dence in Pittsburgh the accumulation of this gas in an open hot water system, has been 
practically stopped by the addition of a little alkalinity to the water so that it has a pH 
about 9. This treatment requires very little attention. 


H. A. Locxnart, Morton Grove, IIl.: I would like to ask Professor Harris if there has 
been any consideration given to evaluating conditions of vent gases when the pH in the 
system was on the acid side. There has been a certain amount of information which, 
I believe, would indicate that the type of gases and the frequency of those gases would be 
entirely different if one did not have an alkaline water, that is if it were on the acid side. 


Joun W. James, Chicago, Iil.: I have no particular questions to direct to Professor 
Harris, but thought the western members of the Society would like to know how the sub- 
ject matter of this paper fits into the general Society Research Program. 

The research work of the Society is supported by the membership to the extent of 40 
percent of our dues, and this is supplemented by substantial industry contributions. A 
continuation of the work which Professor Harris explained this morning is now in 
progress at Urbana in the form of a typical hot water heating system installed in a 
laboratory. When the Research Technical Advisory Committee of the Society, con- 
cerned with hot water and steam heating, learned of the work which was described by 
Professor Harris, this morning, it decided that this subject was worthy of further in- 
vestigation. Subsequently, the Committee took the initiative to request the Com- 
mittee on Research to appropriate funds which you, in part, contribute to the Society 
each year, to develop a laboratory study at Urbana. In general, this system consists of 
a typical boiler installation with a one-pipe forced hot-water system, with radiation 
above and below the main to simulate typical conditions in the field. The purpose of 
this study is not only to study sources of vent gases in a system of this kind, but «!so to 
investigate where the gases accumulate and to endeavor to measure the amount of 
accumulated gases with some thought as to how they may be effectively eliminated. 

At a recent meeting of the TAC on Hot Water and Steam Heating in Evanston, Profes- 
sor Harris submitted some data regarding this investigation, and whereas cast iron radia- 
tion has been used in the first part of this study, conventional convectors are being in- 
stalled to study further the problem of vent gas accumulation. 

| thought this information would be of interest to give a practical example of the man- 
ner in which your research money is being expended. 


AutuHors’ CLosure (Professor Harris): As Mr. Speller has commented, the vent gases 
that appear in an open system, in which the expansion tank must be located above the 
highest radiator, will be primarily hydrogen. It might be added that this would also be 
true in a closed system if the compression tank were located at the high point so that it 
would have low pressure as well as low temperature. 

Mr. Lockhart and Mr. Speller touched upon the importance of the pH value as to the 
quantity and composition of the gases that will be released from the system. The 
formation of hydrogen ions by electrolytic corrosion of metal, and then the conversion of 
hydrogen ions directly to gas, rather than combining with oxygen, is a characteristic 
reaction in acid water. Therefore, one would anticipate a greater corrosive action and a 
greater amount of hydrogen from this particular source if the pH value was lower than 
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those we were using; however, we have made no tests to prove this. It should be 
pointed out that the pH value alone is not a complete index of the corrosiveness of the 
water. A pH value of 8 to 10 represents the minimum corrosiveness, and if there is no 
oxygen present it represents virtually no corrosion. However, if dissolved oxygen is 
present in the water corrosion may result due to the fact that the hydrogen ions can com- 
bine with this oxygen to form water. There would be no gas evolved in that reaction, 
but nevertheless corrosion would occur. 
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PSYCHROMETRIC ANALYSIS FOR DESIGN 
OF FORCED DRAFT AIR COOLING TOWERS 


By S. E. AGnon*, Hara, ISRAEL, AND B. H. SpurLock, Jr.**, BOULDER, COoLo. 


HE COOLING process in a tower may be expressed with the aid of the psy- 

chrometric chart (Fig. 1). The chart is a combination of a humidity chart 
and an enthalpy diagram, both having a common abscissa divided into Fahrenheit 
degrees. 

An important characteristic of the enthalpy part of the chart is that the scale 
of the ordinate divided into Btu is equal to the scale of the abscissa divided into 
Fahrenheit degrees. Since the abscissa may be considered to represent the heat 
content of the water (with specific heat of water equal to unity) and also since 
the abscissa has the same division as the ordinate, a direct geometrical and visual 
comparison between the enthalpies of air and water is possible. The operating 
line (to be taken up later) can be found by direct measurement, eliminating the 
necessity of tedious calculations. 

The enthalpy may be closely represented! by 


im = Cy T + 1061 H + 10 


= enthalpy of air-vapor mixture, Btu per pound dry air. 
air temperature, degrees Fahrenheit. 
specific humidity, pounds of water per pound dry air. 

= specific heat of dry air at constant pressure, and at temperature 7, 
Btu’s per pound per Fahrenheit degree. 


A simple way to find the enthalpy of the air mixture im is to locate the point on 
the psychrometric chart by means of the dry- and wet-bulb temperatures. Ther 
follow the wet-bulb temperature line until the saturation line is reached, thence 


* Mechanical Engineer. 
** Professor of Mechanical Engineering, University of Colorado, Member of ASHAE. 
Exponent numerals refer to References. 
Presented at the Semi-Annual Meeting of the AMERICAN SOCIETY OF HEATING AND AIR-CONDITIONING 
ENGINEERS, San Francisco, Calif., June 1955. 


495 


q 

a 

7 

where 

tm 

T 

H 

Cp 

iz 

a 

|_| 

| 


4°96 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND AIR-CONDITIONING ENGINEERS 


vertically upward until the enthalpy curve is reached. The value is read on the 
ordinate (Fig. 2, line A-a’-a”-a). In order to satisfy different barometric pressures, 
3 separate curves are included in Fig. 1. 

Any cooling or heating process between a dry surface and the air is represented 
by a horizontal line (Fig. 2, line A-B), whereas a cooling process as a result of heat 
transfer between the air and a wetted surface will lie on a straight line connecting 
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Fic. 1. PSYCHROMETRIC CHART 


the condition of the air initially (point A) and the saturation line at the tempera- 
ture of the wetted surface (Fig. 2, line A—-C, cooling, and line A-D, heating). This 
assumes that the surface is isothermal. 

Any state or process shown on the humidity part of the chart can likewise be 
represented on the enthalpy part of the chart and vice versa. The enthalpy of the 
air-vapor mixture at (A) will, therefore, be represented on the enthalpy diagram 
by the point (a) on the same abscissa as the point (A). Similarly the straight 
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line processes (A-B), (A-C), and (A-D) can be reproduced on the enthalpy dia- 
gram by (a-b), (a-c), and (a-d). For practical : :rposes these are straight lines. 

The enthalpy difference between any two poiucs (X) and (Y) of any process 
shown on the humidity chart (Fig. 2) can be expressed as: 


Aim tmy Coav (Ts + 1061 (Hx Hy) (2) 


where Cyay is the mean value of the specific heat between T, and Ty. Dividing 
Equation 2 by (Tx — Ty), 


‘Coane Me 


of hel Looling Surloce 


temperature 


Fic. 2. CONSTANT TEMPERATURE COOL- 
ING PROCESS 


‘ (tmz tmy)/(Tx Ty) = Coav + 1061 (Hx Hy)/(Tx Ty) (3) 


The term (Hx — Xy)/(Tx — Ty), representing the slope of a straight line on 
the humidity chart drawn between the points (X) and (Y), is a fixed value and 


(tmx imy)/(Tx Ty), 


being the expression for the slope of the process lines on the enthalpy chart is also 
fixed and the enthalpy process line on the chart as well as the process line on the 
humidity chart is a straight line between any 2 points (X) and (Y). 
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ToweErR CooLiInG PROCESS 


Such is not the case for a process when the temperature of the surface is varying. 
Such an example is the cooling tower process. The cooling tower process may 
be represented by some curve such as (A-B) in Fig. 3, or its corresponding enthalpy 
curve (a-b). 
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In order to construct these curves it is necessary to review the fundamental 
principles invoived in the cooling tower. 

A cooling tower is a chimney-like device (Fig. 4), where air and water are brought 
into contact, the air moving up or across the tower while the water falls by gravity. 
In the cooling tower, the problem is to cool water while in an evaporative cooler 
the air is cooled. The fundamentals are the same. During the cooling process 
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Fic. 4. SCHEMATIC ARRANGEMENT OF COOLING TOWER 


not only is there a sensible heat exchange, but also a latent heat exchange in the 
water evaporated. It follows that the process must always proceed in the direction 
of an increase in humidity and will be accompanied by an increase in enthalpy of 
the air (not necessarily a rise in temperature). (If chilled water is sprayed into 
warm air the enthalpy of the air-vapor mixture might decrease.) The evaporative 
process establishes the temperature of adiabatic saturation (wet-bulb tempera- 
ture lines, Fig. 3) as the lowest boundary of any such water cooling process and in 
general fixes the wet-bulb temperature as the theoretically lowest obtainable water 
temperature. 
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In contrast to the previously described process where the surface temperature 
is considered uniformly constant, both the air and the liquid surface temperatures 
vary. 

At any instant, at any elevation in a vertical tower, the temperature may be 
assumed uniform and constant and the heat exchange, during this instant, will 
take place along a line connecting the supply condition (1) with a point (1’) on 
the saturation curve at the corresponding water temperature (see Fig. 3). 

A little higher in the tower, an instant earlier in respect to the water stream and 
an instant later in respect to the air flow, the water temperature will be higher 
by a small amount, whereas the air condition will have moved from (1) a small 
distance along the line (1-1’) until it reaches point (2). The point fixing the con- 
dition of the air at (2) will move along the line (2-2’) until point (3) is reached, 
and so on. 

It is evident that the curve of the cooling tower process or conditioning curve 
is the envelope of individual net process lines as just discussed. For construction 
purposes, the conditioning curve may be regarded as a succession of small individual! 
straight lines (A-1), (1-2), (2-3), (3-4), and so on. Each of these individual 
elements has its corresponding counterpart in the enthalpy diagram, all of which 
together form a curved line illustrating the air enthalpy throughout the tower 
(see Fig. 3). This curve, called the progress cooling curve, shows clearly the prin- 
ciple of increasing enthalpy during the water cooling process. The progress cool- 
ing curve may be used in the same manner as the conditioning curve for calcula- 
tions without the necessity of constructing the conditioning curve. In the Ap- 
pendix under Mathematics of the Cooling Tower Process it is shown that the con- 
ditioning curve as well as the humidity part of the chart is unnecessary and does 
not affect the accuracy of the method. However, as shown there, the slope of the 
operating line, 

tang = . (4) 


cannot be selected arbitrarily, but must be determined by considering the problem 
of cooling tower performance. 


CooLInG TOWER PERFORMANCE 


As mentioned, the lowest water temperature that is theoretically obtainable 
coincides with the wet-bulb temperature of the entering air. In practice, tem- 
peratures a few degrees above the wet-bulb temperature are common and the 
difference is termed the approach (see Fig. 5 and Fig. 6, which is a detail of Fig. 
5). The smaller the approach the higher the thermal efficiency of the tower. 
The efficiency may be defined as 


= Cooling range/(Cooling range + approach) . .. . .(S)f 
which, in Fig. 5 corresponds to 


G-A’ = Cooling range 
G-a” = Cooling range + approach 


The numerical value of the approach depends on the design of the tower. A 
value of 5 to 6 deg Fahrenheit is the practical minimum, and it can be postulated 
that 


+ For considerations concerning the meaning and use of Equation 5 see Appendix under Comments Con- 
cerning Equation 5. 
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t; = wet-bulb temperature+5F....... (6) 


From Equation 4 it is evident that the slope (tan @) of the operating line and 
the water-air ratio (W/M) are dependent on each other. In order to keep the 
air requirements, the fan size and the power as small as possible, theoretically the 
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Fic. 5. GRAPHICAL ANALYSIS OF COOLING PROCESS 
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operating line should be selected so that it passes through point (A’) and tangent 
to the enthalpy curve at (F) (Fig. 5). This would require an infinite tower height. 
A flatter line gives economical height but must be steep enough to keep the water- 
air ratio within practical limits and not reduce the mechanical efficiency of the 
tower too much. A distinction is made between the thermal efficiency , and 
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the mechanical efficiency nm. The mechanical efficiency is the ratio of the theo- 
retical minimum amount of air 1; to the actual amount of air M required for the 
cooling process at the same t: ermal efficiency yz. That is 


nm = (M,/M) = (M./W)/(M/W) = tang/tang, . (7) 


where tan @ is the slupe of the operating line for the actual cooling process and 
tan ¢; is the slope of the operating line for the infinite tower. (See Appendix 
under Minimum Air at Infinite Tower Height). 

The mechanical efficiency nm is influenced by the tower design, and in addition 
to some extent by the thermal efficiency n;. When determining the angle ¢, Mc- 
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Fic. 7. GEOMETRICAL RELATIONS (CURVATURE OF ENTHALPY 
CuRVE 1s GREATLY EXAGGERATED) 


Adams? points out that the mechanical efficiency nm should not exceed 75 per- 
cent, as with already high values of n, any small increase in nm will require an ex- 
cessively large increase in tower height, without a corresponding gain in 7, (see 
Fig. 9). 

In most cases the mechanical efficiency 


nm = tan ¢/tan ¢¢ 


can be measured directly by the length ratio (B’-G)/(F-G) as is evident from Fig. 
5. However, caution must be employed, not to do so indiscriminately as will be 
seen in the extreme case demonstrated by Fig. 7. In this case (Fig. 7) the mechani- 
cal efficiency must be expressed by means of Equation 7, and is (B’-G)/(f-G). 
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The reason for the difference in the expression is due to the fact that the tangent 
point in the latter case (Fig. 7) is at a lower temperature than f2 and not coincident 
with or higher as for most cases. 

The range of the water-air ratios is, therefore, dependent on the tower design 
and this must be taken into consideration when selecting the slope. In practice 
the tan ¢@ can aisume any value between 0.6 and 1.40. In the majority of cases, 
the value may be assumed between 0.9 and 1.1. For a rough approximation and 
an average value of tan ¢, a value equal to unity may be assumed conforming to 
a slope angle of 45 deg. 

Havine fixed the terminal conditions of the cooling process and selected the 
slope of the operating line, it becomes possible to determine more-or-less accurately, 
the condition curve as shown in the following problem. 


Problem: A cooling tower is to be designed to cool 120 gpm of water over a temperature 
range of 15 F to the lowest obtainable temperature. 

Outside air conditions are T, equal to 75 F, and Twh, equal to 65 F, corresponding toa 
relative humidity of approximately 57 percent. The mechanical efficiency of the tower is 
assumed to be 65 percent and the approach is 5 F. 

Draw the conditioning curve, estimate the amount of air required for cooling and calculate 
the thermal efficiency. Find the temperature T2, as well as the wet-bulb temperature Twh, 
of the air at the top of the tower and determine the temperature T; of the air ata point in 
the tower, where the water has been cooled by half of ihe temperature range. 


Solution: (See Figs. 5 and 6, keeping in mind that Fig. 6 is a detail of Fig. 5) 

The lowest obtainable temperature of the water at the bottom of the tower is ac- 
cording to Equation 6 

= Ten +5 = 65+5 = 70F 

Since the cooling range is 15 F, then the water must enter the top of the tower at 

85 F. The thermal efficiency is according to Equation 5: 
nm = Cooling range/(Cooling range + approach) = 15/(15 + 5) = 0.75 

To construct the conditioning curve it is necessary to draw the operating line. Fix 
the point (A) on the humidity chart (Fig. 5) from the given data. Follow the constant 
wet-bulb temperature line to the saturation line (point a’), then vertically upwards 
to the enthalpy line (point a”) and horizontally to the right until it intersects the tem- 
perature ¢; (pcint A’). This is the point (A) on the humidity chart reproduced on the 
enthalpy chart. Now draw a straight line through (A’) to the point (F) where the 


initial :vater temperature (t2) crosses the enthalpy curve. By measurement the slope 
of (F-A’) is 


tan d = 1.28. 
Then from Equation 7, the slope of the operating line is 
tan @ = nm tan ¢ = 0.65 X 1.28 = 0.835 
The operating line is constructed with a slope 
@ = tan-! 0.835 = 40 deg; 


through point (A’) until it intersects the temperature, f, at the point (B’). The oper- 
ating line is now known and the conditioning curve may be constructed. 

Draw a straight line from point (A) (refer to Fig. 6 for detail) to the point ¢, on the 
saturation curve. Select a point (1) on the line (A-¢;), a small distance from (A). 
Proceed from (1) parallel to a constant wet-bulb temperature line to the saturation 
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curve, thence vertically to the enthalpy curve, then to the right to the operating line 
and vertically downwards to the saturation curve. This fixes the point (1’). Draw 
a line from (1) to (1’). On this line (1-1’) close to (1) select a point (2) and repeat the 
same procedure as before locating the point (2’). This method is followed until the 
temperature f2, the initial temperature of the entering water, is reached. 

To find the terminal conditions of the air, simply reverse the method. Starting at 
(B’) on the enthalpy chart, proceed horizontally to the left to (b”), thence downwards 
to (b’) and along a constant wet-bulb temperature line to the point (B) on the con- 
ditioning curve. This gives the conditions for the outgoing air to be 79.2 F for dry- 
bulb temperature and 78.7 F for wet-bulb temperature (Fig. 5). 
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Fic. 8. CONSTRUCTION OF PROGRESS CURVE 


The curve enveloping the individual points (A, 1, 2, 3, 4, etc.) represents the condi- 
tioning curve and illustrates the path of the cooling process. The smaller the elements, 
the more exact are the results. 

In order to find any 2 corresponding temperatures of air and water during the process 
it is necessary only to draw a tangent to the conditioning curve. The point of tangency 
represents the air temperature 7), the intercept at the saturation curve indicates the 
water temperature ¢, (Fig. 5). The water temperature ¢, at half the cooling range is 


t, = (85 + 70)/2 = 77.5 F 


From the point 4; equal to 77.5 on the saturation line a line is drawn tangent to the 
conditioning curve. This is the temperature T; equal to 74.2 F corresponding to the 
air conditions in the tower where the water temperature is 77.5 F. 

The amount of water to be cooled is 120 gpm or 1,000 lb per min. Therefore the 
amount of air required for cooling is by Equation 4 


M = W/tan¢ = 1000/0.835 = 1200 lb per min, and 
(1200 Ib/min)/(0.075 Ib/ft*) = 16,000 ft?/min standard air 
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The same results could have been obtained by means of the progress curve. The 
construction of this curve is similar, but actually it is simpler than that of the condi- 
tioning curve. 

Locate points (A’) and (a) as indicated previously. Keeping in mind that every 
process line of the humidity chart has its counterpart on the enthalpy chart, draw a 
line (a-E) (See Fig. 8), corresponding to (A-#,) on Fig. 6. Now select a point (1) on 
the line (a—-E) close to (a), proceed horizontally to the operating line, then upwards to 
the enthalpy curve at point (1’). Connect point (1) and (1’). Choose point (2) close 
to point (1) on the line (1-1’) and go through the same process as before, locating point 
(2’). Continue until the progress curve is completed. 

To find the intermediate temperature 7), the method is exactly the same as with 
the conditioning curve. 


Tower HEIGHT AND AREA 


The principal value of the operating line lies in its importance for estimating 
the height of the cooling tower. It was shown in a previous paper® that the over- 
all driving force or potential at any point in the tower may be represented by 

6= (iw tm), 
which is the enthalpy of the saturated air minus the enthalpy of the air at the same 
temperature. This is the vertical distance between the operating line and the 
enthalpy curve. 

If a line is drawn through point (A’) and tangent to the enthalpy curve at point 
(F) Fig. 5, it is noted that the potential difference becomes smaller towards the 
top of the tower and in this case (infinite tower) would approach zero as a limit. 
As was indicated, smaller values of @ must be selected for economical reasons. 

The tower height can be expressed as a function of the area (A’-E-F-B’) in 
Fig. 5. If Zog is called the height of a mass transfer unit, then the total effective 
height of the cooling tower can be found by the equation 


‘MB dim 
where 


v= 
t 


lw tm 


and is called the number of mass transfer units. 

The value of Zo, for use in Equation 8 is a function of (m/Ka), where m is the 
mass velocity of the air measured in lb per min per sq ft and Ka expresses the 
overall mass transfer coefficient in the same units for a specific type of tower packing. 
The values of Ka are a function of both the water velocity and the air velocity. 
In some cases higher flow rates require higher towers, in others, the reverse. Ex- 
perimental values of Zo, are available in the literature. 

In Table 1 representative data are given for various types of tower packing. 
The data indicate the average value of Zo, over their range of validity. 

With values of Zo, thus available, the remaining part of solving Equation 8 
consists of finding ways of arriving at the value of N. There are several possible 
methods of procedure. 

One of these is by a step-wise, or graphical, integration of Equation 8. Equa- 
tions for such a solution are developed in the Appendix under the heading Graphical 
Integration of Equation 8 and by means of an example this meti:od is illustrated 
there. 


, 
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Another method is also described and illustrated in the Appendix} which per- 
mits a somewhat more rapid procedure in making the calculations. This method 
is based on the equation: 


1 1 ) 0.12 nmm tan 


TABLE 1—DaATA FOR ForcED DraFt COOLING TOWERS 


Mass VELOCITY MASS VELOCITY 

Type oF TOWER PACKING Zog, ft OF AIR; OF WATER; 
m = LB/SQ FT MIN Ww = LB/2) FT MIN 

Vertical Spray Tower 10 — 2.5 | 7 | 3.3 — 10 

Vertical Spray Tower* 4.7 | 5 — 12 | 7 

Grid Packing* 14.4 9.2 12 

Grid Packing* | 19 17 — 38 53 

Spinded tubing, horizontal stag-| 3.5 — 3.9 | 1.2 = 424 M7 

gered* 
Raschig Rings, 15 mm> 1 — 0.9 7.5 — 15° a 
Streamlined Wood Sections, 2.3/4, 5 — 7 | 9.5 — 17° d 


in. long 


® Reference 2, p. 290. 

HEATING, VENTILATING, AIR-CONDITIONING GUIDE 1947, p. 670. 
© These mass velocities refer to the free (not the gross) area in the tower. 
4 Complete wetting of the packing surfaces is supposed. 


THE NoMOGRAPH (FIG. 9) FOR DESIGN 


None of the methods of evaluating NV just mentioned is wholly simple and con- 
sequently it seems desirable to work out a graphical means of making this solution 
by the use of a straight edge and a minimum of computations. 

To construct a chart for this purpose Equation 9 is plotted in the form of an 
alignment chart along with a second alignment chart expressing tan @ in terms of 
known basic data, viz: 


(482 +1.75) ra 


. 
— Twa 0) 


tan = 


The result of this plotting is the chart of Fig. 9. 

Two barometric pressures (29.92 and 25.0 in. Hg) have been provided on Fig. 9. 
One may interpolate between these 2 pressures with the only error involved at this 
point. Comparison of the 2 scales shows that a falling barometer has the same 
effect as increasing the wet-bulb temperature with constant barometer and vice 
versa. For example, the 65 F at 29.92 in. Hg corresponds to 61.3 F at a barometer 
of 25 in. Hg. 


Problem: As an example of the use of the chart, let us solve for N when tan @ = 0.835 
and W = 1000 lb of air per min, and when the mechanical efficiency (nm) ts 0.65 and the 
thermal efficiency (n) is 0.75. 


t Under the heading Development and Use of Equati n 9. 
“ ” - the mathematicai analysis leading to Equation 10 see the Appendix under Development of Equa- 
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Solution: The solution is made with Fig. 9 by locating 0.835 on the right-hand scale. 
Then locate the intersection of the (ym) = 0.65 line with the (m) = 0.75 line. Laya 
straight edge between these 2 points and read N on the extension of this line to the left- 
hand scale, as N = 2.8. 
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Fic. 9. NOMOGRAPH FOR DETERMINATION OF COOLING TOWER DEsIGN Data. 
Forcep DraFrt TYPE 


In the Appendix this same problem was solved by graphical integration of Equa- 
tion 8 and produced a value of N = 2.64. There also, Equation 9 was used to 
solve this same problem and N was found to be 2.78. It can thus be seen that 
the use of Fig. 9 results in a solution for N with values not greatly different from 
those found by the longer and more tedious methods. 
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OPERATION UNDER CHANGING SETS OF CONDITIONS 


Often a cooling tower will have to be operated under conditions different from 
those for which it was designed. In the absence of performance data the problem 
of estimating the comparable performance is not easy, even by means of the de- 
tailed graphical analysis. However, the nomograph Fig. 9 handles this problem 
readily. 

To demonstrate the difficulties encountered, consider a tower operating with a 
varying wet-bulb temperature. It will be remembered that the cooling process 
depends on the position, length and slope of the operating line, while the height of 
the tower is determined by the shape of the area of the driving forces. Let the pro- 
cess (I) in Fig. 10 represent such a process and (II) represent the process after the 
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Fic. 10. OPERATION UNDER CHANGING CONDITIONS (CtR- 
VATURE OF ENTHALPY CURVE IS GREATLY EXAGGERATED) 


wet-bulb temperature has been changed. It is seen that if the operating data 
maintained, a modification takes place in the shape of the area of the driving forces, 
bs involving a higher mechanical efficiency and a greater number JN. 


For an existing tower, this is obviously impossible, the number N being fixed 
and the same irrespective of temperature conditions{, consequently some of the 
operating data must change in order to give the same tower height. The nomo- 
graph eliminates extensive trial and error calculations and the time spent is ap- 
preciably reduced. The following typical problem illustrates the use of (Fig. 9) 


3 t This statement is valid only in the case of constant air-water flow rate. For certain types of towers 
the height of the mass transfer unit Zog is a function of the flow rates (See Table 1), so that in such a case 
the number N cannot be assumed constant under all circumstances. However within the range of flow 
variations caused by weather variations, the number N may be assumed constant. 
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Problem: The following data are obtained from a cooling tower; wet-bulb temperature 
55 F, rate of water flow 528 gpm, inlet temperature of water 95 F, outlet temperature of 
water 70 F, air flow rate 4,000 lb. per min (53,400 cfm standard air). 

If the wet-bulb temperature is changed to 60 F and the tower performance is to remain 
the same, what modification in the tower is necessary? (Note: Tower inlet temperature 
of the water t, is to remain the same). 


Solution: The first step towards solving the problem consists of finding the number 
N of mass transfer units of the tower by means of Fig. 9. For this purpose begin by 
computing m and tan ¢. 

From Equations 5 and 4 


mt = (te — t1)/(te — Twa) = (95-70)/(95-55) = 25/40 = 0.6 
and 
tang = W/M = (528 X 8.33)/4000 = 1.1 


On Fig. 11, with a wet-bulb depression (cooling range plus approach) of 40 F and a 
water-to-air ratio of 1.1, draw the lines 1-2-3-5. The ratio 


nm/n = 1.10 
is obtained, from which 
nm = 1.1 X 0.6 = 0.66. 
From 
nm = 0.66, m = 0.60 
and point (5) by means of a straight edge point (7) is located and 
N = 2.2. 


This is the number of mass transfer units which remains constant for the tower. 

The following steps are almost the reverse of the foregoing, but with a different wet- 
bulb temperature. Raising the wet-bulb temperature to 60 F and keeping the tempera- 
ture of the inlet water f, at 95 F will cause a reduction in the approach, thereby raising 
the thermal efficiency. 

Through the wet-bulb temperature 60 F and the wet-bulb depression (cooling range 
plus approach) of 35 F extend the line to point (3’) (Fig. 11). Connecting this point 
(3’) with the previous water to air ratio 


W/M = tan@ = 1.10, (lines 1’-2’-3’-5), thereby giving 
nm/n = 1.05, at the point (41). 
Using the line (5-7) locate the point (6;) on the line 
nm/n = 1.05. 


This corresponds to values of 


0.65, and 
0.62 


Nm 


3 
ll 


The cooling range is equal to 
nme X (te — Twn) = 0.62 (95 — 60) = 21.7 F 


as compared to 25 F, even though the thermal efficiency has increased from 60 to 62 
percent. 

In order to handle the same heat load as before, the amount of water circulated 
will have to be increased as well as the air rate to maintain the constant water-air ratio 
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assumed. The increase in rate of flow of the two fluids is (25-21.7)/21.7 = 0.15, and 
the pump and fan will have to be modified accordingly. 
It is perhaps more desirable to maintain the water rate constant and change the air 
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FiG. 11. SKELETON NOMOGRAPH SHOWING SOLUTION OF PROBLEM OF OPERATING 
CONDITIONS DIFFERENT FRUM DESIGN CONDITIONS 


rate to accommodate this. This step consists of keeping the cooling range at 25 F 
and modifying the water-air ratio (tan ¢). 
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In this case 
= 25/35 = 0.715 


The point (5’) indicating the new value of tan ¢ will be found by éria/ and must be so 
located that the line (3’-5’) and the nm/m line (bottom of chart, Fig. 11) will give the 
same efficiency ratio as the (5’-7) line (top of chart, Fig. 11). The points so located 
show that (4’) and (6’) 


= 0.835 
and 
tang = W/M = 0.875* 


In order to keep the rate of water circulated constant, it will be necessary to increase 
the air flow rate by (1.1-0.875)/0.875 = 0.257 or 25.7 percent above the original rate. 
This will be simpler and more economical to operate under changing weather condi- 
tions. Instead of increasing the pump and fan capacities by 15 percent, simply increase 
the air flow rate by 25.7 percent. tf 
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APPENDIX 


MATHEMATICS OF THE COOLING TOWER PROCESS 


Equation 4 which fixes the slope of the operating line is developed mathematically 
by the following analysis of what takes place during the cooling tower process. 

All that is known at the start are the water temperatures (t2, t;) at the top and bot- 
tom of the tower, respectively, and the dry- and wet-bulb temperatures fixing the en- 
thalpy of the air entering at the bottom of the tower. If Wand M are the flow rates 
of the water and air, respectively, in pounds per min, the water at the top of the tower 
will have a total enthalpy 


Ie = W X tw = W(Cpi) (t2 — to). CCAM) 
and the air-vapor mixture leaving the tower in the same plane will have a total enthalpy 


At a plane section, a small distance below the entrance of the water at the top ef 
the tower, a small amount of water AW will have evaporated and thereby lowered the 
temperature ¢, of the remaining (W/—-AW) by the small temperature decrease Af. This 
will have effected a rise in the enthalpy of the air. At this section, therefore, the en- 
thalpy of the air will be less than the enthalpy at the top of the tower by the amount 
Aim. Analagous to the foregoing, the respective total enthalpies for the plane section 
can be expressed by 


* It will not always be possible to locate common values on the mm /nt scale and in the grid. This indi- 
cates that the tower wiil not give the required performance without changing the cooling range and the 
amount of water circulated. 

tt The example demonstrates the influence of changing wet-bulb temperature on the performance of 
the tower for a constant inlet water temperature. This should not be confused with the case shown in 
Fig. 10, where the temperature of the inlet water varies in the same amount as the wet-bulb temperature. 
The results obtained in the former case are exactly opposite to those in the latter, which corresponds to 
that of different barometric pressures. 


; 
‘ 


PsYCHROMETRIC ANALYSIS FOR COOLING TOWER DESIGN, BY AGNON AND SPURLOCK 513 


and 
where 
W’ = W — AW 


Assuming that the tower is operated with a heat loss relatively low in comparison to 
the heat exchange involved, the increase in the air enthalpy between the 2 cross-sections 
must equal the decrease in the enthalpy of the water between the same 2 cross-sections, 

Subtracting Equations A-3 and A-4 from Equations A-1 and A-2 the following heat 
balance is obtained 


W Coilte — to) — W’ Cpil(te — At) — to] = Mim — Mim — Aim). . . (A-6) 


The amount of evaporation over the whole tower is quite small for practical purposes 
and may be neglected. Hence 
W= W' 
and equation A-6 reduces to 


The specific heat of the water (Cp:) may be taken as unity in this som. which gives 
for Equation A-7 the relation 


« 


M~ At 


which is the basis of the following development (see Reference 2 of paper, pp. 285-292). 

Since the water-air ratio, once selected, is practically constant for the process, the 
quantity “ must be constant over the whole cooling range, that is, from the top of the 
tower to the bottom. This establishes the slope (tan ¢) of a straight line, the so-called 
operating line; and because the enthalpy of the air ¢ma and the temperature of the water 
t;, both at the bottom of the tower are fixed and known, the line (tan ¢) must pass through 
the point (A’) representing the initial condition of the air and the final condition of 
the water. That is to say, 


tan@ = At,/At = which is Equation 4. 


In this connection it is interesting to note that this process (operating line) on the 
enthalpy chart is a straight line while the enthalpy progress curve is not. (Fig. 5, line 
A’-B’, and Fig. 3, line a—b, respectively). This indicates that the heat transfer be- 
tween the water and the air is a linear function, whereas the actual increase in the en- 
thalpy of the air or the decrease in the water is not. 

Once the position of the operating line is defined and the air conditions are known, 
the path of the conditioning curve as well as the progress curve is completely determined. 
The slope and the position of the operating line (Fig. 5, A’-B’) cannot be selected arti- 
trarily. As explained, the point (A) is fixed by the final water temperature ¢, and the 
enthalpy of the entering air tma, which in turn, is a function of the wet-bulb tempera- 
ture. The terminal point (B) is defined by the temperature ¢, of the water at the top 
of the tower and the slope of the operating line (tan ¢). 


COMMENTS ON EQUATION 5 


Equation 5 is of course a practical means of defining the efficiency of the cooling 
tower and has no theoretical basis. In reality the efficiency of the tower should be ex- 
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Fic. A-1. CALCULATION OF TOWER HEIGHT 


pressed as the ratio of the actual cooling range to the cooling range theoretically pos- 
sible, that is, (Fig. 5), 

G— A’ 

G-C° 
Geometrically speaking, this is equivalent to the ratio of the actual length of the oper- 
ating line (B’-A’) to the maximum possible length for the same water-air ratio, repre- 
sented by a line (D-C) parallel to (B’—A’) tangent to the enthalpy curve. 

The use of Equation 5 tends to make the initial assumption questionable, especially 
in the case of large values of ¢ and small cooling ranges. In most cases, the differences 
are small and for the sake of convenience, Equation 5 is retained. (For the estima- 
tion of the tower height, it should be noted, the deviation from the real efficiency is 
taken care of by a special equation.) 


MINIMUM AIR AT INFINITE TOWER HEIGHT 


If one changes the slope of the operating line (A’-B’) to (A’-F) (Fig. 5), the inlet and 
outlet temperatures of the water remaining the same, the air enthalpy per pound is 
increased to a maximum by the amount (i-7,’), and since the cooling range will be 
the same, the amount of air required is a minimum M;,. Therefore, it is evident that 
it is necessary to have an infinite tower height to obtain a minimum amount of required 
alr. 


GRAPHICAL INTEGRATION OF EQUATION 8 


Of the several methods which might be used for solving for N in Equation 8, and 
using the psychrometric chart for the purpose, perhaps the easiest is a step-wise numeri- 
cal or graphical integration. 
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To develop and explain this method consider the area A’-B’-F-E in Fig. 5 reproduced 
to a larger scale in Fig. A-1. As a first step divide this area into p vertical strips of 
equal width, (see Fig. A-1), (t2-t:)/P where (t.-t:) is the cooling range. 

The integral in Equation 8 may be replaced by the term 


tmA 


(tw — im) (tw — tm) 


_ (tmp — ima) 1 
y= 


where 
(tw 4m) 
is the instantaneous overall driving force of each individual increment. 
If 5m is the mean driving force 
bm = (tw — tm), (subscript m indicates mean) 


over the entire range (A’) to (B’), then 
1 


Substituting 


= tan 


and Equation (A-10) into equation (A-9), 


(tg — tang 


N= 


(A-11) 
If the cooling range is not too great, one* may express 6m as the logarithmic mean 
between the driving force 5, and 5, at the points (A’) and (B’), respectively, where 


Sp — 


The following problem illustrates the way Equations (A-10) and (A-11) can be used 
to solve for N, and how the solution is affected by using Equation (A-12) instead of 
(A-11) for determining the value of 6. 


Problem: Determine the effecitve hetght and the gross area for the same cooling tower, 
whose design data was given under the heading *‘Cooling Tower Performance.” The aver- 
age atr velocity shall not be less than 250 fpm, measured across the total tower area. 


Solution: From previous data, M = 1200 Ib per min, or 16,000 cfm standard air; 
W = 120 gpm or 1,000 lb per min; cooling range 15 F, tan ¢ is 0.835. 
The required tower area is then 


1 
S = 16,000 cfm X 250 ft/min ~ 64 sq ft. 
The mass air velocity is 
M = 10 = 18.7 lb per (min) (sq ft) 


* HEATING, VENTILATING, AIR CONDITIONING GUIDE, 1947, p. 669 (published by AMERICAN SOCIETY 
OF HEATING AND VENTILATING ENGINEERS, New York, N. Y.) 
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and the mass water velocity is 


W = ae = 15.6 Ib per (min) (sq ft). 
Examining Table 1, the value of Zog in the order of the above mass velocities, is 
found to be 


Zog = 19 ft 


for a grid packing. Divide the area of the driving forces into (P = 10) equal parts 
(see Fig. A-1) and sum up the reciprocal values of 6 to find 


1 1 1 1 
wo tastastint ass + soot sot 
~ 4.75 Btu 
N= which is Equation A-11. 
_ 15 X 0.835 


and the effective tower height is 
Z = N Ze, = 2.64 X 19 = 50 ft. 
Using Equation A-12 to find the log mean value of 5m, one finds diog mean = 5.1 


and 


Nice mean 15 0858 = 2.45 


a value 7 percent below the 2.64 obtained by use of (A-11). 


DEVELOPMENT AND USE OF EQUATION 9 


Graphical integration of Equation 8 is thus seen to be elaborate and cumbersome. 
A simpler and faster method is needed and one which eliminates a detailed graphical 
analysis of the psychrometric chart. 

The difficulties of graphical integration may be reduced but not eliminated by using 
the log mean value of 5m obtained by Equation (A-12), but to do this one must still 
evaluate the values of 5, and 4», the end values. Litchensteint points out that this 
method has to be handled with care as erroneous results may occur. 

In order to gain a new approach to the problem, refer to Equations (A-10) and (A- 
11). It is evident that the mean value 6m can be approximated by the term 


1 
a 


The value 6,, represented by the distance (F-B’) in Figs. 5, 6 and 8, can be defined 
in terms of known values. Analyzing the geometrical relations in Fig. 7, it is seen 
that 

1 1 


The quantity 6, is not as easily obtained. Furthermore, in order to compensate for 
the curvature of the enthalpy curve, the value of 6, to be used in equation (A-13) will 


+t Performance and Selection of Mechanical Draft Cooling Towers, by Jos. Litchenstein (ASME Tran- 
sactions October 1943, pp. 779-88). 
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have to be smaller by (5,-5,,), which results in a value of 
= H-A’ 
in Fig. 7 and which is related to 
= E-A’ by a factor k. 
One may express 


_ E- A’ 
«aes 
and by means of Fig. 7, it will be found that 
K-A' _ K-A’ L-A' _ tan y tang 


E-A’ ~ L-A’ E-A' ~ tana tany 


where y and a represent the ang!es of the chords between the terminal points (a”) and 
(F), and (a”) and (E), respectively. With tan ¢ already known, the following geo- 
metrical relations will be found tc exist. 


_ 1m 
and 


By means of Equations A-15, A-16, A-17 then 


Since 6, is greater than 5,, the quantity & is greater than unity and since the tan y 
is greater than tan a, the ratio 


tan y 
tana 
is greater than unity and 
k 
tan a 
is aiso greater than unity. Therefore, it can be written 
ktany _ 
tan ae (1 + and 
1 


Adding Equations A-14 and A-20 one has the equivalent expression for Equation 
A-10, which upon substitution into Equation A-11 gives 


«! ). 


The only term so far not accounted for on the right side of this equation is the factor 
q, which represents the influence of the curvature of the enthalpy curve on the final 
result. 


t This influence may be negligible in the case of small temperature ranges and /or low efficiencies, but 
under different circumstances it can be appreciable. Expressed in other words. this means that the larger 
the cooling range, and /or the higher the efficiencies, and /or the greater the water-to-air ratio, the more 
pronounced is the effect of the curvature on the size of the area of the driving forces (Fig. A-1 and 7), the 
smaller will be therefor> the resulting mean value 5m and the greater consequently the number N 
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An exact derivation of g in consistent terms would be by coincidence. But for the 
purpose of this paper it is not required, because the last term of Equation A-21 will 
rarely exceed 25 percent of the total results. Over the usual operating ranges q will 
approximately amount to 


= 0.24 tang. 
q=0 


Hence, equation (A-21) can be written as 


_ 2m 1 1 ] 0.12 tan 


an expression for the number of transser units that contains only known or assumed 
design values and these values may be calculated with pencil and slide rule only. Within 
the general operating limits this equation gives results within a tolerance of + 10 per- 
cent. 

With the use of this equation, the number N of transfer units, computed in the pre- 
vious problem amounts to 


_ 0657 1 1 0.65 X 0.75 X 0.12 X 0.835 
N= | + — 0.75)(1 — 0.65) 


2 
= 2.23 + 0.56 = 2.78, 


which differs by only 5 percent from the result (2.64) obtained by graphical integration 
of Equation 8. 
A rule of thumb method that one might use is 


1 1 
N=06ne[ Am) 


Equations 9 and A-22 show very clearly the tendency of tower height to approach 
infinity with increasing efficiencies as was pointed out earlier. 
DEVELOPMENT OF EQuaTION 10 


In order to express tan ¢ in Equation 9 in terms of known basic data, the following 
procedure is used. 
Begin by considering Equation A-17, and write it in the form: 


tang = 22 tan y 
In order to define tan y, the enthalpy must be expressed in mathematical form. The 


equation 


follows the enthalpy curve with sufficient accuracy, at sea level pressure. 


Since the slope of a chord between any two points x and y on the enthalpy curve is 
given by 


x y 


it follows from Equation A-17, that 


Nm (ig ta) 


which is Equation 10. 
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RESISTANCE OF WOODEN LOUVERS TO 
FLUID FLOW} 


By C. W. BEviER*, COLLEGE STATION, TEX. 


HERE HAS been engineering thought to the effect that louvers! used for air in- 
takes on cooling towers may be responsible for as much as 20 percent of the total 
pressure loss of induced draft cooling towers and that spray eliminators (another 
arrangement of louvers) may account for an additional 20 percent.? Also of con- 
cern have been the louvers used for both intake and outlet of some attic fan instal- 
lations in which the pressure drop affects both capacity and cost of operation. 
It is obvious from these examples that any change in the design of louvers which 
reduces the cost of operation without adversely affecting other costs is desirable. 
The research reported here was undertaken with such considerations in view and 
was concerned primarily with the measurement of pressure drop through louvers 
of several designs to determine not only the characteristics of those louvers, but 
also principles of general application. 
The general approach to this subject and an analysis of the problem together 
with an explanation of how the calculations were made are all contained in the 
Appendix. 


EQUIPMENT 


The test setup illustrated in Figs. 1 and 2 consists of a 24-in. centrifugal fan 
(driven by a 2-hp, 3-phase, 220-volt motor) discharging air through one of two 13- 
in. diameter by 11 ft long ducts into a plenum chamber 7 ft by 11 ft in plan dimen- 
sions and 7 ft high. 

Attached to the exit of the plenum chamber is a square duct 4.5 ft long and 3 
sq ftin area. The louver to be tested is fixed to the end of this duct. Inside the 
plenum chamber are 5 concentric cone diffusers designed to distribute the air uni- 
formly and to give the chamber the effect of a large room. In addition, there is 
a bell-shaped entrance leading from the plenum chamber into the 3 sq ft duct ex- 
tension, the purpose of which was to direct the air smoothly to the inlet side of the 
louver. 

One of the 13-in. ducts connecting the fan and chamber contains a 6-in. diame- 
ter flow nozzle used to measure low-to-intermediate rates of flow. The other 
duct is equipped for a 20-point Pitot tube traverse used to measure intermediate- 
to-high rates of flow. The ducts are so arranged that they can be lowered or raised 


+ Based on the author's thesis submitted to the Graduate School of A. & M. College of Texas in ful- 
fillment of a requirement for an M.S. in Mechanical Engineering. 

* Research Assistant, Texas Engineering Experiment Station, Texas A. & M. College System. 

1 Exponent numerals refer to References. 

Presented at the Semi-Annual Meeting of the AMERICAN SOCIETY OF HEATING AND AIR-CONDITIONING 
ENGINEERS, San Francisco, June 1955. 
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into position as the air flow rate requires. For a given test the air flow rate was 
fixed by the adjustment of movable vanes at the entrance to the fan. 

Pressure measurements were made with inclined and inclined-vertical mano- 
meters. The manometers were calibrated with a micro-manometer, and all read- 


ALTERNATE FLOW 


MEASURING SECTION otu 
woe 
Y 
DOUBLE pITOT 6" FLOW NOZZLE 
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Fic. 1. Test SETUP 


ings corrected for temperature to standard density of water. The velocity pressure 
for the flow nozzle was obtained from a manometer connected between an upstream 
static tap and a tap at the throat of the nozzle. The same manometer was con- 
nected to the Pitot tube when it was in use. The static pressure loss through the 
louver was obtained from a manometer connected to a static pressure tap located 


Fic. 2. Louver AND INLET Duct ATTACHED TO PLENUM 
CHAMBER 


2 ft in front of the louver within the duct extension to which the louver was con- 
nected. Barometric pressure was determined from a mercury column barometer 
and corrected for temperature, elevation, and gravity by usual methods. 

Wet- and dry-bulb temperature measurements were made with two 0- to 120 F 
mercury-filled glass thermometers having 0.5 deg graduations. The thermometers 
were placed near the inlet side of the blower. 
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DESCRIPTION OF LOUVERS 


Tests were run on 4 types of louvers as illustrated in Fig. 3. All louver boards 
were 20.78 in. long; made from wood stock 1% in. thick, and sanded to a smooth 
finish so that the surface conditions were nearly uniform throughout all tests. 

Louvers were assembled by using sheet metal flanges as shown in Fig. 2. Various 
arrangements for each type of louver were obtained by changing the width, the 
number of louver boards or angle of slope. 


» 
Flow 
t 
(d+t)/ 
STANDARD ODIFFUSER-SECTION NOZZLE- INVERTED 
LOUVER LOUVER TOUVER LOUVER 


Fic. 3. LoUVER ARRANGEMENTS TESTED 


Fic. 4. LoUVER Boarp J1Gs 


The first series of tests was run on the standard louvers. These louvers were 
made of boards of uniform thickness and widths of 3, 6, 81%, and 9 in. 

Results obtained from these tests indicated that the width of the louver boards 
has an appreciable effect on the pressure loss; that is, the exit portion of the louver 
affects the flow. 

This observation was the reason for testing the diffuser-section louvers. It 
was believed that if a diffuser-type exit section could be incorporated in the louver, 
a pressure recovery would occur similar to that obtained in the diffuser section 
of a venturi tube, ejector, or similar device. Boards for the diffuser-section louvers 
were made from the standard louver boards by placing them in a jig and passing 
the assembly through a planer which cut off the upper half of the boards, thus 
leaving the desired shape. Dimensions of the 3 sizes of diffuser-section louvers 
tested are shown in Fig. 4. 
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In testing the diffuser-section louvers, observations led to the belief that tur- 
bulence caused by the type of entrance was appreciably affecting the flow condi- 
tions and possibly accounted for the increase in pressure loss as compared to the 
standard louver. With this thought in mind, it was decided to invert the diffuser- 
section louver boards and thus obtain a shape approximating that of an airfoil. 
The flow passage thus formed was similar to that of a nozzle or venturi and, con- 
sequently, these louvers were called nozzle-section louvers. 


The considerations which led to the inversion of the diffuser-section louve- 
boards also suggested the inversion of the standard louver boards. To simplify 
the geometry of the inverted louvers thereby obtained, a zero overlap of the louver 
boards was maintained throughout this series of tests. The different arrange- 


TABLE 1—SUMMARY OF LOUVER ARRANGEMENTS TESTED 


Standard Louvers 


Width of Louver Boards, in. Number of Louver Boards | Approach Angle, 9, Deg 
3 6, 7, 8,9 | 45 
6 4,5, 6, 7, 8,9 45 
8% 7, 8,9 | 45 
9 4,5, 6, 7, 3,9 45 


Diffuser-Section Louvers 


Width of Louver Boards, in. Number of Louver Approach Angle, g, Deg| Diffuser Angle, ¢, Deg 


Boards 
3 8 | 45 12.03 
6 8 45 6.81 
9 


| 8 | 45 4.73 


Nozzle-Section Louvers 


Width of Louver Boards, in. Number ~S eae Approach Angle, 9, Deg} Diffuser Angle, ¢, Deg 


| 
| 
Boards 
6 | 4,5,6,7,8 | 45 | 6.81 
9 4,5, 6,7, 8 45 4.73 
Inverted Louvers 
Width of Louver Boards, in. Number of Louver Boards Approach Angle, 9, Deg 
6.00 4 30 
4.00 6 30 
3.00 8 30 
4 45 
4.90 6 45 
3.68 8 45 
10.39 4 60 
6.93 6 60 
5.20 8 60 


é > 
| | 
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ments of louver boards were obtained by varying the spacing of the louver boards, 
which, because of maintaining zero overlap, required changing the widths of the 
boards. 

The inverted louver boards were made for approach angles of 30, 45, and 60 deg. 
The widths varied from 2.99 in. to 10.39 in. 


EXPERIMENTATION 


The test procedure consisted of selecting a particular type of louver board, vary- 
ing the dimensions and arrangement of the louver boards, and of obtaining the 
pressure loss through the louver at different rates of air flow. Because the face 
area of the louvers was fixed by the size of the entrance duct, the values of d, s, 
and the free area ratio were determined by the number of boards used in any given 
arrangement. Table 1 gives a summary of the various louver arrangements tested. 
Most of the louvers were tested at 4 different rates of flow adjusted to give ap- 
proximately equal increments of pressure loss. 

Air volumes were measured by means of either the 6-in. flow nozzle or the Pitot 
tube. The flow nozzle was used whenever possible because of the ease of obtaining 
data. However, as the free area ratio increased, the air volume increased beyond 
the capacity of the nozzle: therefore, fewer tests were possible using this method, 
and the Pitot tube was then used. To check the difference in results obtained 
by the 2 methods 2 tests were run completely using the nozzle and then rerun 
using the Pitot tube. The difference in the results from the 2 methods was neg- 
ligible. 

In all tests, flow and temperatures in the system were allowed to become steady 
before any measurements were made. When using the flow rozzle 3 readings of 
the manometers were taken during each run, while temperatures were recorded 
only at the beginning and end of a run. The average of the readings was used 
in calculations. 

When the Pitot tube was used, the velocity pressure was obtained by squaring 
the average of the square roots of 20 traverse points located at the centers of equal 
annular areas as prescribed by the fan test code. Manometer readings for the 
pressure drop through the louvers, and the temperatures, were recorded at the 
beginning, halfway point, and end of the traverse and the average of the readings 
was used in calculations. 

At all times care was taken to insure a minimum amount of air leakage between 
the point of flow measurement and the louver. Masking tape was used to seal 
cracks. The test setup was cisecked for leakage and the amount found to be less 
than 1 percent of the air delivered by the fan, using the test for leakage previously 
outlined.4 

The velocity front of the air in the 13-in. flow measurement duct containing the 
Pitot tube was checked for various positions of an egg-crate type straightener. 
The straightener was finally located at the entrance to the duct, because this loca- 
tion gave the most uniform velocity front at the Pitot tube. 


RESULTS AND DISCUSSION 


Standard Louvers: Fig. 5 represents graphically the effect of the width of the 
louver boards on louver performance. Because the curves are for a given pseudo 
Reynolds number, and because ratio d is constant for a given free area, each curve 
of Fig. 5 approximately represents a constant velocity depending on the magnitude 


i} 
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of the free area ratio. Under these conditions a decrease in the resistance coeffi- 
cient for a given free area ratio gives a decrease in the pressure loss through the 
louver. These curves indicate, therefore, that for a given area ratio, as the width 


d/(d+ t)=0.502 A. 
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Fic. 5. VARIATION OF RESISTANCE COEFFICIENT (P/ pv?) 

WITH THE WipTH COEFFICIENT (L’/s) FOR DIFFERENT 

VALUES OF FREE AREA RATIO. PSEUDO REYNOLDS 

NuMBER Is CONSTANT AT 4000 at A, 6000 at B, 8000 

aT C, AND 10,000 at D. d/s = cos 6 = 0.707, ALL 
CasEs (STANDARD LOUVERS) 


of the louver board increases, the pressure loss through the louver decreases until 
a minimum is reached; then further increase of the width causes the pressure loss 
to increase. 

Apparently, as the width increased, the flow conditions were at first improved 
and a smaller turbulence loss occurred, resulting in a smaller overall pressure loss. 
However, as the width was further increased, the friction loss increased with en- 
larged surface area, thereby causing greater overall resistance. 
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The curves in Fig. 5 also show that, as the free area ratio increases, the min- 
imum value of the resistance coefficient occurs at smaller values of the width co- 
efficient. And, if the thickness is held constant, it can be shown by reference to 
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Fic. 5. VARIATION OF RESISTANCE Co- 

EFTICIENT (P/pv®) witH REYNOLDS 

NuMBER [dvp/u(10~*)] FoR DIFFERENT 

VALUES OF FREE AREA Ratio (DIF- 

FUSER-SECTION LOUVER AND STANDARD 

LoUVER). @ = 45 DEG, ALL CASES. 
d/(d + t) = 0.558 


these curves, that a decrease in the free area ratio causes a decrease in the width 
required for minimum resistance. It may also be shown that a decrease in the 
thickness causes a very noticeable decrease in the width required for minimum 
resistance. These effects can be explained by the fact that as the thickness is 
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reduced for a given free area ratio, the area open to flow is reduced and the velocity 
in the louver must increase. The increase in velocity causes the friction loss to 
increase, and hence an overall increase in pressure loss occurs at a smaller width. 

As the free area ratio increases, the change in the resistance coefficient becomes 
progressively less. Because the velocity within the louver is reduced as the free 
area ratio is increased, a decrease in the turbuiece results. Hence, additional 
reduction in the turbulence with increasing width of the louver board may not 
follow. Also, the fluid friction is reduced for higher free area ratios, because there 
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Fic. 7. VARIATION OF RESISTANCE Co- 
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u(10-%)] 1s 4000 ar A, AND 8000 at B. 
d/(d + t) = 0.558, ALL CAsEs. @ = 45 
DEG, ALL CASES 


are fewer boards per unit of face area, and a corresponding reduction of surface 
area. Consequently, the change in the friction loss with a change in width becomes 
less significant. 

If the curves of Fig. 5 were superimposed, it would be seen that the curves almost 
coincide. This means that the pseudo Reynolds number affects these curves very 
little. Evidently the flow through the louvers is so turbulent that the viscous 
forces are not significant. This conclusion is strengthened by the fact that at the 
low pseudo Reynolds numbers the curves tend to be less coincident, which is con- 
sistent with the fact that at low Reynolds numbers the flow becomes less turbulent 
and approaches laminar flow conditions. 

Diffuser-Section Louvers: Results of tests of the diffuser-section louvers are 
shown in Figs. 6, 7 and 8. In these figures a comparison is made between the 
diffuser-section louver and the standard louver, each having the same free area 
ratio, width, and approach angle. 
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The change in the resistance coefficient with a change in the pseudo Reynolds 
number for a given width, free area ratio, and approach angle is shown in Fig. 6. 
These curves show that as the width of the boards increases, the resistance of the 
diffuser-section louver decreases, and that, compared to the standard Ic-1ver, for 
a louver board width of 3 in. the resistance of the diffuser-section louver is greater, 
but for a 9-in. width it is less than that of the standard louver. This result can 
be explained by the fact that both the diffuser angle and the discharge angle of the 
air are reduced as the width is increased. 
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If the resistance coefficient is plotted against the width coefficient for a given 
pseudo Reynolds number and free area ratio as in Fig. 7, the minimum resistance 
for the standard louver is less than that for the diffuser-section louver. However, 
at high width coefficients the diffuser-section louver has less resistance than that 
of the standard louver. 

The effect of the diffuser angle on louver performance is shown in Fig. 8. 

Nozzle-Section Louvers: The results of tests on the nozzle-section louvers are 
shown in Fig. 9. The curves indicate that the width amd free area ratio of nozzle- 
section louvers do not appreciably affect the resistance coefficient. Apparently the 
flow conditions are improved owing to the shape of the entrance section by an 
amount such that only a minor recovery occurs by adding to the width or spacing 
of the boards. 

It is seen by comparing the results of the standard louver and nozzle-section 
louver tests that the resistance coefficient for a nozzle-section louver of a given 
free area ratio and width of louver board is approximately one-half that of the 
standard louver. 

Inverted Louvers: The curves of Fig. 10 show the performance characteristics of 
inverted louvers having zero overlap of the louver boards. 
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The figure contains 3 major groups of curves, each for a different value of s/L’ 
corresponding to slope angles of 30, 45 and 60 deg. Within each group individual 
curves correspond to different constant values of free area ratio and also different 
board widths. Changing the board width with changes in spacing or angle of 
slope was necessary in order to maintain zero overlap. 

These curves show that as s/L’ increases, that is, as the approach angle increases, 
the free area ratio becomes more significant as indicated by the wider spread of 
the resistance coefficient. Apparently, as the angle increases, the turbulence im- 
mediately downstream from the entrance edge of the louver board increases, but 
the overall resistance is diminished by increasing the spacing and also the width 
of the louver board, thus accounting for the greater significance of the free area 
ratio revealed by the curves. 
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Fic. 10. VARIATION OF RESISTANCE Co- 

EFFICIENT WITH PSEUDO REYNOLDS 

NUMBER FOR DIFFERENT VALUES OF 

Free AREA Ratio AND s/L’ (INVERTED 
LOUVERS) 


If the 45-deg inverted louver is compared with the 45-deg standard louver of 
the same free area ratio and approximately the same width, it is seen that the 
resistance coefficient of the inverted louver is about 40 percent less than that of 
the standard louver. These louvers were made from exactly the same boards, 
the only difference being that in one case the boards were assembled with their 
beveled edges in a vertical plane, whereas in the second case (inverted louvers) 
the beveled edges were horizontal, that is, parallel to the direction of air flow. 
The major difference here is that the inverted louvers were arranged to give better 
entrance conditions. 

In view of the better performance of the inverted louver, it seems that this type 
louver should be more desirable in installations where pressure loss is a decisive 
factor. 

The results of the inverted louver investigation are presented here in graph form, 
using as parameters the several dimensionless coefficients, as explained in the Ap- 
pendix, in order to make them apply generally to a wide variety of applications. 
Other coordinates might have been used, but with the loss of generality. For 
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example, in Fig. 11 pressure drop in inches of water for the inverted louver of 45 
deg slope is plotted against cfm per sq ft of face area for 3 different board widths 
in inches. The equation of the family of curves was found to be 


P= {1.512 + 152.5(L’)-2872} -836 + 0.0128L/) 
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Fic. 11. VARIATION OF PRESSURE Loss THROUGH LOUVER 
WITH FACE VELOCITY FOR DIFFERENT VALUES OF THE WIDTH 


The range of values of L’ and v were 3.68-7.35 in. and 250-2000 cfm respectively. 
The equation should not be used for values of the variables very much outside these 
ranges. Also, neither the curves nor the equation take into consideration varia- 
tions in air density or viscosity. For the tests from which this equation was de- 
rived, the range in air density was 0.07055-0.7231 lb/ft? and in viscosity it was 
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124.1-126.1 Ibm/ft-sec. However, for many louver applications tk density and 
viscosity of the air may not differ appreciably from these values, ana .he equation 
may apply. For applications where the above assumptions are not valid the 
curves of Fig. 10 should be used. 
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APPENDIX 


The current formulation of fluid resistance is based on a modification of Newton's 
equation and may be represented by D = Drag = f(R) Apv*, where f(R) is a function 
of Reynolds number and varies for each shape and position of the body. This equation 
thus takes into consideration pressure differences, frictional stresses within the fluid, 
and the resistance, drag, or frictional effect of the fluid flowing around the body. There- 
fore, f(R) must be determined by experiment. 

Specifically, it was attempted to analyze various shapes and arrangements of louver 
boards according to the principles of similarity and dimensional analysis, to find by 
experiment the value of the various factors or dimensionless groups which characterize 
a given arrangement, and to present the results in a manner useful for the solution of 
practical design problems. 


ANALYsis OF PROBLEM 


Variables considered in applying the method of dimensional analysis to the louvers 
used in this investigation are as follows: 


P = pressure loss through the louver, inches of water. 
v = velocity of the air in the approach duct (cfm/sq ft of face area of the 
louver), feet per minute. 
p = density of the air, pounds mass per cubic foot. 
» = viscosity of the air, pounds mass per foot per second. 
d = perpendicular distance between louver boards, inches. 
s = distance between louver boards at entrance face of louver, inches. 
t = thickness of louver board, inches. 
L’ = width of louver board, inches. 
L = length of louver board, inches. 


These variables can be organized into six dimensionless groups. One of these groups 
namely, dL/2 (L — d), can be neglected for small values of d, since, when d is small, 
this quantity takes on the value, d/2. The remaining dimensionless groups are: 


dup/u = pseudo Reynolds number* (See footnote page 531). 
P/pv? = resistance coefficient. 
L'/s = width coefficient. 
d/(d + t) = free area ratio. 
/s = angle coefficient. 
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For the condition of zero overlap it may be shown that one of the three dimensions 
d, s, or L’ is not an independent variable because given any 2 of the 3 variables the 
third is fixed. One of these variables may thus be eliminated in considering this type 
of louver. The choice made was to eliminate the angle coefficient d/s, thus giving 4 
dimensionless groups for this type of louver. 


CALCULATIONS 
The following formula was used to calculate air velocity from Pitot tube readings. 


= 1096.5 
p 


v’ = velocity of air at point of measurement, feet per minute. 
hy = velocity pressure, inches of water. | 
p = density of air, pounds mass per cubic foot. 


in which 


Essentially the same formula was used for the nozzle except that it was necessary 
to include a nozzle discharge coefficient and a correction factor for approach velocity. 

The nozzle discharge coefficient was obtained from an alignment chart made by the 
Texas Engineering Experiment Station, and based on ASME Transactions. 

The approach velocity correction factor was obtained from the relation 


(A, 
in which A, is the throat area of the nozzle, and Ap is the area of the duct. 

The volume of flow was determined by the expression Q = Av’, in which A equals 
Ay for the nozzle and Ap for the Pitot tube. 

The average velocity on the inlet side of the louver was then obtained from v = 
Q/A.¢, in which A, is the cross-sectional area of the entrance duct. 

The density of the air was obtained from an Air Density Calculator designed by the 
Texas Engineering Experiment Station. This calculator is a slide rule device which 
gives air densities for different dry-bulb and wet-bulb temperatures and barometric 
pressure. 

The viscosity of the air was obtained from a graph plotted from data given in pub- 
lished tables. 

The calculation of the dimensionless groups, dv p/y and P/pv?, required the use of 
several conversion factors because of the inconsistent units of the variables, P, v, d, 
p, and w. The group dup/u has the units, ft?-in.-lbm-sec/min-ft3-lbm. To make this 
group unitless, the necessary conversion factor was obtained as follows: 


dup/u = (ft-in.-lbm-ft-sec/min-ft®-Ib,,) (min/60 sec) (ft/12 in.) 
= (calculated units) (1/720) = (calculated units) (0.0013889). 


* The term pseudo Reynolds number is used here because this group is not a ratio of inertia forces to 
viscous forces, but rather a function of this ratio. The approach velocity was used because it is common 
to all of the louvers, is easy to measure, and is related to the velocity within the louver by the continuity 
equation. If the velocity within the louver were used in place of the approach velocity, it would be neces- 
sary to state at what position in the louver this velocity corresponds because this velocity varies (except 
in the standard louv: er) throughout the louver. Another alternative is to use the velocity at the position 
in the louver where d is measured. Using this velocity, v’, in the dup /y term results merely in a product 
of two dimensionless groups, namely (dup /u) (v’ /v) = (dup /u) (A /A’) = (pseudo Reynolds number) (1/ 
Free Area Ratio) = du’p /u so that no new variables have been introduced. It is true that using the du’p/p 
term tends to cause the curves to fall on top of each other, but not to such an extent that a single curve 
could be used without appreciable error. 
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To make the group P/pv* unitless, the necessary conversion factor was found in a similar 
manner as shown below. 


P/pv® = (in. of (g ft/sec?) 
(62.3 Ibm/ft?) (ft/12 in.) (3600 sec?/min?) 


in which g is the local acceleration of gravity or approximately 32.11 ft/sec? in the 
College Station, Texas area. 


Hence 
P/pv* = (calculated units) [(32.11) (62.3) (3600)/12] = (calculated units) (600,140). 


DISCUSSION 


R. W. McKInLey, Pittsburgh, Penna., (WRITTEN): What meaning has this study 
for the architects and engineers who are concerned with the natural ventilation of 
buildings via louvered fenestration areas in warm weather? 


L. T. MArt, Kansas City, Mo., (WRITTEN): This paper provides valuable additional 
information to that contained in Cobb’s December, 1953 published paper on ‘‘Pressure 
Loss of Air Flowing Through 45-Degree Wooden Louvers”. Louvers used for air in- 
takes on cooling towers may be responsible for as much as 1 to 14 of the total pressure 
loss of some induced draft tower designs, whereas loss through spray eliminators seldom 
exceeds 10 to 20 percent of the total. (Author mentions 20 percent for each.) 

The lower section and the duct to which it is fastened are of the same size, as shown 
in Figs. 1 and 2. This set-up provides comparative performance data on the 4 types 
of test louvers, but does not simulate actual operating conditions on a cooling tower, 
where the air entry is free-flowing from all directions and the flow resistance is con- 
siderably less. It would be interesting to know the velocity of air through the louvers 
for the 4 curves shown in Fig. 5. 

The author’s results indicate that the inverted type louver should be desirable for 
installations where pressure loss is a factor. Also that a decrease in the louver spacing 
indicates a decrease in the width required for low pressure loss. Present cooling tower 
louver design retlects these opinions; however, one would probably obtain equivalent 
performance with wider boards and opening up the louver spacing, thus eliminating the 
expensive bevelling of the louver ends. The correlated economics of design and manu- 
facture are important factors. 

This problem of louver design is one of definite interest to cooling tower manufac- 
turers, hence we are glad to see the publication of information on this subject. 


| 
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PERFORMANCE AND EVALUATION OF 
ROOM AIR DISTRIBUTION SYSTEMS 


By ALFRED KOESTEL* AND G. L. Tuve**, CLEVELAND, OHIO 


This paper is the result of research sponsored by the AMERICAN 
SOCIETY OF HEATING AND AIR-CONDITIONING ENGINEERS in 
cooperation with Case Institute of Technology, Cleveland, Ohio. 


HE OBJECT of the designer of a room-air distribution system is to provide 

ventilation of an occupied space and to absorb heating and cooling loads. 
This result must be accomplished without drafts in the occupied zones. A general 
method of analysis of air distribution systems for small rooms is offered here with 
results of tests of several systems under controlied conditions. 

In the early development of both heating and cooling by air systems, it was 
common to use large temperature differences between the supply air and the room 
air and to pay little attenticn to air distribution. The adverse comfort conditions 
of such systems are now recognized. But when low temperature differences and 
large air volumes are used, the problem of drafts becomes very important. 

This paper attempts to establish a method for determining optimum comfort 
conditions for high-volume cunvection systems. Special attention is paid to heat- 
ing with low supply temperatures, as in heat pump applications. 


EVALUATION CRITERIA 


Avaiiable data on health and comfort are insufficient to give a fully satisfactory 
basis for evaluating room-air conditions. In this paper the findings of Houghten! 
and his associates and the proposals of Rydberg and Norback? were used for the 
evaluation of effective temperatures and drafts (see Terminology for definitions). 

One criterion of good air distribution is a uniform feeling of warmth throughout 
the occupied zone, i.e., uniform effective temperature due to dry bulb and air 
velocity. A physiological sensation (change in skin temperature) caused by a 
change in local effective temperature is therefore called a draft. Excessive local 
air velocities may also be in themselves objectionable, causing movement of the 
hair, eye discomfort, disturbance of papers or fabrics or directional movement of 
smoke. In any case it is recognized that objectionability or tolerability are sta- 
tistical with respect to the occupants. Each given condition will result in a certain 
percentage of objections, and it is very difficult to produce amy condition that is 
voted satisfactory by all occupants. 


* Assistant Professor of Mechanical Engineering, Case Institute of Technology. Member of ASHAE. 
** Professor of Mechanical Engineering, Case Institute of Technology. Member of ASHAE. 
' Exponent numerals refer to References. 
Presented at the Semi-Annual Meeting of the AMERICAN SociETY OF HEATING AND AIR-CONDITIONING 
ENGINEERS, San Francisco, June 1955. 
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Dry-bulb temperature and air motion are the only conditions taken into account 
in the present evaluation. Humidity is disregarded because extremes of humidity 
are uncommon in properly conditioned rooms. The mean radiant temperature of 
all enclosing surfaces is assumed to be within a few degrees of the air temperature 
in the occupied zone. This is the actual case in most well-constructed buildings 
served by air distribution systems. Radiant heating and cooling are considered 
to be methods of absorbing a portion of the thermal load and of compensating for 
extremes of room-surface temperature due to weather and solar effects. 


THE IDEALIZED SYSTEM 


An actual system of air distribution is too complex for direct analysis, but by 
means of simplifying assumptions an ideal or theoretical model may be attained. 
Such a model will reveal the significant variables and thus act as a guide for the 
experimental attack and presentation. Consider a system in which the following 
assumptions apply. 


1. An ordinary convection system serves an independent room in a well-insulated 
structure 

2. The mean radiant temperature of room surfaces approximates the air tempera- 
ture, i.e., radiant effects are small compared with convection. 

3. Normal indoor relative humidities are encountered, without extremes. 

4. At each test condition the system is in equilibrium, and maximum comfort is at- 
tained at the control point in the middle of the room. 

5. Inertia forces predominate as compared with buoyant forces, i.e., the circulation 
in the occupied zone is mainly by forced convection rather than by natural convection. 

6. In the unoccupied zone, adjacent to exposed surfaces, natural convection is im- 
portant. 

7. Differences between heating and cooling will exist. 


Based on these assumptions and on the available comfort data, the following 
theory has been evolved to describe the performance of a room-air distribution 
system with forced convection: (See Appendix under Analysis.) 


1. At any given point in the occupied zone, the magnitude of the air velocity is a 
function of the flow rate at the supply openings. 

2. The vector direction of the air velocities in a room, i.e. the flow pattern, is a func- 
tion of the room configuration and of the type and location of distribution system. 
There may be a difference between heating and cooling. 

3. The percentage of occupants who will object to a local draft depends on the de- 
parture of the local effective temperature from that at the control point, and this differ- 
ence 6 is in turn expressed by the equation: 


6 = At — 0.07V, (see Terminology and Equation A-4 in Appendix) 


where At is the departure of the local dry-bulb from control temperature and V is the 
locai air velocity, fpm. Still air is assumed at the control point. 

4. The local dry-bulb temperature difference (At) at any point in the air flow pattern 
depends on the supply-air temperature difference only, and is independent of normal 
changes in the air flow rate. 

5. For a given room, served by a given system, there is one air flow rate and cor- 
responding supply temperature that will result in minimum draft. 


Test RooM AND EXPERIMENTAL PROCEDURE 


The test room was 18 x 13 x 8 ft, built to simulate a well-insulated living room 
with 2 exposed walls and windows, insulated unheated attic, and an insulated floor 
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with ventilated crawl space. Conventional furniture was not present. The 18- 
ft exposed wall included a 10 x 6 ft simulated double-glass picture window and 
two 5 x 4 ft simulated double-glass windows were located on the 13-ft exposed wall. 
An outdoor space was provided on the 2 exposed walls as well as above and below 
the room. Air pressure differences between the test room and outdoor space, and 
test room and laboratory were reduced to a minimum by damper control. This 
eliminated any extraneous air infiltrations or exfiltrations. Infiltration air from 
the outdoor space was metered into the test room from perforated panels located 
on each side of the picture window. Air was supplied to the air distribution outlets 
from a separate plenum chamber. 

Typical heat losses were obtained by designing the exposed surface of the test 
room for the same interior surface temperatures encountered in a typical well- 
insulated house. When an outdoor space temperature simulating 8 F outdoors 
was maintained, the following typical test room conditions were noted. 


1. Room Control Temperature (center of room at the 30-in. level): 73 F. 

2. Infiltration Heat Loss: 500 to 650 Btu/hr. 

3. Total Register Heat Input: 5000 to 7000 Btu/hr depending on air change and 
type of air distribution system. 

4. Surface Temperatures (see Fig. 1). 

5. Total Heat Loss (fixed internal heat gain from lights and occupants of 1,000 Btu/ 
hr plus register heat input): 6000 to 8000 Btu/hr. 
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The occupied zone of the test room was defined as being enclosed by surfaces 1 
ft from the walls and 6 ft, 2 in. from the floor. The boundaries of the occupied 
zone were marked by a grid consisting of strings arranged in 6-in. squares with 
calibrated air-movement indicating threads in each square. 

Table 1 and Fig. 2 provide a description of the 5 air distribution systems tested. 

For each system of air distribution and for each constant outdoor temperature, 
air at various temperatures was introduced into the test room. The quantity of 
air in each case was that required to maintain the room control temperature at 
73 F. The supply duct dampers were adjusted so that for each system of air 
distribution the outlets were balanced and delivered equal quantities of air. This 
was repeated for different outdoor temperatures. 

After equilibrium had been obtained for each set of conditions, air distribution 
measurements were made on the grid. Since only the regions on the grid having 
critical draft conditions were considered important, these regions were located and 
probed with calibrated anemometers and temperature measuring instruments. 
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Fic. 3. CALIBRATION OF VELOUC!TY-INDICATING 
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This technique limited draft measurements in the room air flow pattern to the 
boundaries of the occupied zone where the draft would always be found to be the 
most objectionable. 

In conjunction with the air temperature and air velocity measurements in the 
critical draft regions, the following data were obtained. 


1. Surface temperatures on exposed walls, windows, ceiling and floor. 
2. Register and return air temperatures and air flow rates. 

3 Outdoor space temperatures. 

4. Quantity and temperature of infiltration air. 

5. Vertical air temperature gradients throughout the occupied zone. 


Three returns were separately tested in order to determine the effect of return 
location on the air and temperature distribution. 


INSTRUMENTS 


Anemometer measurements were made by several methods: (1) from angular 
deflections of calibrated, air movement-indicating threads (see Fig. 3); (2) by 
;commercial heated-thermocouple anemometers; (3) by heated thermometer ane- 
mometer; (4) by heated thermocouple anemometer as developed by Nottage at 
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the ASHAE Laboratory. Ail anemometers were calibrated in the minimum 
diameter section of a bellmouth intake nozzle. In addition, the calibration was 
checked on the discharge end of a converging nozzle mounted on a plenum. 
Provisions were made to measure the floor-to-ceiling air-temperature gradients 
at various positions in the occupied zone by means of thermocouples on vertical 
poles. Both thermocouples and thermometers were used as temperature probes 
in the critical draft regions. Surface temperatures on the cold walls, windows, 
floor, and ceiling were measured by thermocouples attached flush to the surface. 


Test RESULTS 


The results obtained from the tests for room heating are presented graphically 
to illustrate the general behavior of an air distribution system as brought out by 
the equations (see Appendix). These results apply when low returns are used 
except that high returns may also be used in system if. 
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Fic. 5. SUPPLY AND RETURN TEMPERATURE AS A FUNC- 
TION OF AIR FLow Rate, FOR SysTEMS I To IV. 8 F 
Outpoors, 73 F ContTROL 


The air velocities in the critical draft regions of the occupied zone plotted as a 
function of air flow rate or air change are shown in Fig. 4. Note the linear rela- 
tionship between air change and air velocity in accordance with Equation A-1. 
Equation A-1 applies to a fixed point in the flow pattern whereas the experimental 
data apply to a region on the boundaries of the occupied zone covering an area of, 
say, 10 sq ft. 

For a given room heat load, as the room-air velocities increase with air change, 
the air temperature differences in the critical draft regions with reference to the 
control temperature decrease according to Equation A-2 and as shown in Fig. 4. 

The degree of draft in the critical draft region with respect to the control point 
and as measured by the effective temperature difference is plotted in Fig. 4. If 
the air temperature in the critical draft region is above the control point tempera- 
ture, a no draft (@ = 0) condition can be obtained. If the air temperature is below 
the control point temperature, a minimum draft condition (i.e. minimum @) will 
result as shown in Fig. 4 and according to Equation A-8. 
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Fic. 6. Drart CHARACTERISTICS OF SysTEMS I To IV, 
Various FLow RATES AND OUTDOOR TEMPERATURES 
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The probable percentage of occupants who would object to the draft in the 
critical draft region in accordance with Houghten’s findings (see Terminology) is 
shown in Fig. 4. Note that the general trend of the objectionability curve is sim- 
ilar to the curve of effective temperature difference, as should be expected. 

In Fig. 5 are plotted the supply-air temperature and return air temperature as 
a function of air change. 

In Fig. 6 are curves plotted in accordance with Equation A-2 in order to show 
the general behavior of draft in the critical draft regions. The air velocity is 
plotted against the air temperature difference for various indoor-outdoor tempera- 
ture differences which is in effect for various values of Qo in Equation A-2. The 
curves apply to the critical draft regions, and superimposed on these are the curves 
of equal tolerability, so as to illustrate the probable reaction of occupants to the 
draft as the outdoor temperatures and air changes are varied for various systems 
of air distribution. 


4 4, 
bd change '5 i2 /6 
bd 4 
Sek 
a 
c 
LLL 
a 
Set 
Sal 
Be} / q 
- 
° 


6 70 80 


80 60 70 
Air Temperature - °F - Aur Temperature 
Fic. 7. TyprcAL VERTICAL AIR TEM- 
PERATURE GRADIENTS NEAR THE PIc- 
TURE WINDow, 8 F OutTpoors, VARIOUS 
Rates OF AIR FLow 


Typical vertical air temperature gradients in the region near the picture window 
are shown in Fig. 7. In Fig. 8 typical temperature differences between head and 
ankle levels are plotted versus the temperature differences between supply and 
return air. The curves are given for the air-distribution systems I to IV in ac- 
cordance with Equation A-3. These curves apply to the region near the picture 
window as well as for any heating load and air change. 

When heating with perforated baffles, the number of baffles in use and their 
location (see Table 1) may influence the general air flow pattern in the space and 
as a result one would expect the constant C in Equation A-3 to depend on the num- 
ber of baffles, N. In addition the relatively large size of a baffle and consequent 
low air velocity may magnify the buoyant effects and this complicates the simple 
relationship defined by Equation A-3. The efiect of the number of baffles and 
buoyancy on the air temperature difference can be determined experimentally by 
evaluating the following general function which is just an extension of Equation 


A-3: 


/N)2 


Ato 


e 
| 
t 


PERFORMANCE AND EVALUATION OF Room AiR, Etc., By KOESTEL AND TUVE 543 


aa 
Om 
ev 
as 
§3 IV 
aio 35 


° 5 10 15 20 25 30 
Temperature Difference Between Supply Air and Return Air - At, -*F 


Fic. 8. TEMPERATURE DIFFERENCES 3 TO 78 IN. FROM 
FLoor, NEAR PictuRE WINDOW, ANY FLow RATE oR Ovt- 
DOOR TEMPERATURE, SysTEMS I To IV (SEE EquarTION A-3) 


where the ratio (1/,/N)*/At, is proportional to the ratio of the momentum forces 
to the buoyant forces, evaluated at the outlet c “he perforated baffles. In Fig. 
9 the vertical air temperature difference measured near the picture window is 
plotted in accordance with Equation 1. Note that for a given number of baffles 
the ratio At/At, depends on (M,/N)?/At, only in the low range, (low momentum 
force and large buoyant force). For large values of (M./N)?/Ato, the ratio At/At, 
appears to depend only on the number of baffles. 

Preliminary tests on room cooling with perfcrated baffles showed room air tem- 
perature gradients which were appreciably smaller than those obtained for room 
heating vith the same air supply temperature differences. This is primarily due 
to the fact that with a cooling load the warm air rising on the surface of the window 
mixes with the cold supply air before entering the occupied zone. With a heating 
load the cold air spilling down from the windows mixes with the supply air stream 
near the floor resulting in larger air temperature gradients. Baseboard diffusers 
will, of course, counteract this phenomenon. 


N=5 Baffles 


Fic. 9. EXPERIMENTAL RESULTS WHEN UsING ACOUSTICAL 
BAFFLES, (SEE EQUATION 1) 
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The maximum permissible air quantity per baffle was found to be 130 cfm which 
produced an air velocity of 60 fpm directly under the baffles at the 6-ft, 2-in. level 
of the occupied zone. 


EFFECT OF RETURN LOCATION ON AIK AND TEMPERATURE DISTRIBUTION 


Each air-distribution system was tested with 3 different locations of the single 
return (see Table 1). For each system the return location was changed and the 
outdoor temperature maintained constant. The heat input was adjusted to main- 
tain the same room control temperature for each run. (1) For the baseboard 
diffuser system there was no significant difference in gradient, return temperature, 
register temperature or heat input for any of these locations of the return. (2) 
With the high sidewall outlets at 12 air changes there was little difference between 
the 2 low returns but with the high return, the register temperature, return tem- 
perature and vertical air temperature gradients were all considerably higher. (3) 
With the acoustical baffles appreciable increases in vertical air temperature gra- 
dients were noted with the high return. (4) With the ceiling diffusers at 15 air 
changes there were no significant differences in vertical air temperature or air veloci- 
ties between the 3 return locations. At a lower air change of 6 the 2 low-sidewall 
returns gave similar performances, but with the high-sidewall return the supply 
temperature, return temperature and vertical air temperature gradients were all 
considerably higher. 

In all tests, varying the return location did not affect the critical draft velocities 
appreciably. The effects caused by varying the return location can be attributed 
to short-circuiting of the warm air supply. If the distribution system produces 
small temperature gradients with floor returns the temperature of the air enter:ig 
the return is relatively independent of the return location. If, however, the gra- 
dients are large with floor returns, mixing is incomplete and changing to a ceiling 
return will result in withdrawing air at a temperature above the normal room tem- 
perature. Since mixing is poor, (evidenced by the high gradient with floor returns), 
the withdrawing of the warm air near the ceiling will aggravate the situation, re- 
sulting in increased gradients, return temperature, register temperature and heat 
input. 


EVALUATION AND CONCLUSIONS 


The following conclusions apply to the type of installation under consideration 
i.e., a high volume system for heating a typical living room in a well-insulated 
residence, and to the air distribution systems tested. 

The theory predicted that the air velocities in the occupied zone would be pro- 
portional to the velocity at the supply outiets, and this was verified by all tests 
except those using perforated baffles for air supply. In other words, for the com- 
mon types of registers, diffusers and baseboard slots used in residential heating, 
the pattern of air distribution is fixed by the geometry of the room and system, 
and the air velocities change with the volume of air circulated. For a given supply 
temperature the room air velocities vary with the indoor-outdoor temperature 
difference. 

Combining these results with the existing information oi the reaction of people 
to effective temperatures and drafts, it is possible to map the performance of four 
types of air distribution systems for heating, over a wide range of outdoor temper- 
atures and air supply rates, Fig. 6. 
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In Fig. 6 is also shown a shaded boundary outside of which the performance of 
each air distribution system is considered unsatisfactory and inside of which the 
performance is satisfactory. 

The values used to define this boundary are based on the following criteria of 
evaluation: 


1. Maximum allowable air movement in the occupied zone of 60 fpm. 

2. 90 percent minimum tolerability or 10 percent maximum objectionability to the 
draft in the occupied zone. 

3. Less than 7 deg vertical air temperature difference in the occupied zone between 
the 6-ft., 6-in. level and the 3-in. level. (Not over 3 deg temperature-difference between 
draft region B and control). 


Actual air velocities and air temperatures produced by a system of air distribu- 
tion were found by test measurements to approximate the general behavior de- 
scribed by the equations: 


V = CiMo (see Fig.4) 
Qo = C2VAt (see Fig. 6) / 
Ato = CAt (see Figs. 8 and 9 and Eqvation 1) 


A system of air distribution can be evaluated on the basis of three factors: namely, 
vertical air temperature différences, air velocity, and the objectionability or toler- 
ability of draft in the occupied zone (Fig. 6). 
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TERMINOLOGY 


The following list explains the technical terminology pertaining to this paper: 


1. Occupied Zone: The region in the test room which is enclosed by imaginary planes 
1 foot from all walls and 6 ft, 2 in. from the floor is the occupied zone. In the test 
room the boundaries of the occupied zone were defined by a grid consisting of a string 
mesh made up into 6-in. squares. All draft measurements were limited to the plane 
of the grid, since the most objectionable draft conditions in the occupied zone would 
occur on the grid surfaces. 
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2. Effective Temperature Difference: The effective temperature difference is a quan- 
titative measure of the difference in physiological feeling of warmth or coolness between 
2 points within the test room. Normally, 1 of the 2 points is taken at a fixed reference 
point at the center of the room at the 30-in. level (referred to as the control tempera- 
ture). An approximate equation defining the effective temperature difference, neglect- 
ing radiation and humidity, is: 


@ = At — 0.07V (Reference 2) 
where 


6 = effective temperature difference between still air at control temperature 
and draft region. 
At = dry-bulb temperature in draft region minus control temperature. 
V = air velocity in draft region, feet per minute. 


3. Room Control Point: The room control temperature is the dry-bulb temperature 
in the center of the test room at the 30-in. level. This temperature is measured by a 
shielded dry-bulb thermometer. This temperature was maintained as close to 73 F 
as was experimentally possible during all test runs. 


4. Draft: The term draft in this report means any local sense of cooling or warmth 
of a portion of the body due to air movement and air temperature, humidity having 
been held constant. A measure of draft is the effective temperature difference. The 
warmth or coolness of a draft is usually measured in these tests above or below the 
room control conditions. 


5. Percentage Tolerability: In predicting probable reaction of occupants to any of 
these air distribution systems, Houghten’s data on the tolerability of drafts is taken 
as the criteria (Reference 1). The percentage of his subjects who would not object if 
their necks or ankles were exposed to the draft condition measured in the test room is 
referred to as the percentage tolerabiiity of that draft. The location of a draft was, 
of course, the determining factor in deciding whether it was the neck or the ankles 
which would most likely be affected by it, and in choosing one or the other of Houghten’s 
sets of data accordingly. If the draft occurs within 6 in. of the floor surface, the ankles 
are taken as the reference region, and if the draft occurs some distance above the floor 
level, the neck is taken as the reference region. 


6. Percentage Objectionability: The percentage objectionability of a draft is the op- 
posite of its percentage tolerability (Reference 1). It indicates the percentage of 
people who would object to a measured draft condition, and it can therefore be found 
by subtracting the percentage tolerability from 100 percent. For example, on meas- 
uring a draft in the neck region, we might find that it would produce a skin temperature 
drop of 3.3 deg. We could then see from Houghten’s figures that a probable 19 percent 
of the people experiencing this feeling of coolness on their necks would find it objection- 
able. Therefore, we would say that the measured draft had a percentage objection- 
ability of 10 percent and a percentage tolerability of 90 percent. 


7. Critical Draft Regions: The critical draft regions are regions in the occupied zone 
of the test room which might contain drafts of maximum objectionability with respect 
to the effective temperature experienced ai the room-control temperature (still air at 
73 F). The critical draft regions of the occupied zone will always be on the grid de- 
fining the boundaries of the occupied zone. In the 5 air distribution systems investi- 
gated, it was found that the critical draft regions in each system covered an appreciable 
grid area of at least 10 sq ft. 


8. Air Change = cfm X 60/Room Volume in cubic feet. 
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Symbols 
C = constants. 
= constants. 
Cz = constants. 
M, = total air flow rate from all cutlets, cubic feet per minute. 
(M,)m = air flow rate for minimum draft, cubic feet per minute. 
N = number of perforated, acoustical baffles. 
Qo = register heat input, Btu per hour. 
V = air velocity, feet per minute. 
At = temperature difference, Fahrenheit. 
At, = vertical air temperature difference between the 6-ft, 6-in. level and the 
3-in. level. 
Ato = air temperature difference, supply to return, Fahrenheit. 
6 = effective temperature difference, Fahrenheit (see Terminology). 


APPENDIX 


THEORY AND ANALYSIS 


A given system of air distribution will set up an air flow throughout the space, the 
pettern of which is, in general, almost independent of the air flow rate at the supply 
outlet. The magnitudes of the air velocities at the varicus points in the space can be 
considered a function of the supply air flow rate, and the vector direction of the air 
velocities (air flow pattern) at these various points can be considered a function of the 
type of air distribution system and the space configuration, 

At any fixed point in an idealized free air jet, and for given outlet dimensions, jet theory 
predicts that the air velocity varies linearly with the outlet air flow rate if buoyant forces 
are neglected or, 


= (see Reference3) . ....... 


Behavior of actual room air velocities can be expected to approximate Equation A-1 
if the air distribution system and space configuration are fixed and inertia forces pre- 
dominate. When heated or chilled air is introduced into the space, heat is transferred 
by convection and by mixing or entrainment from the air jet to the enclosing surfaces 
of the space. It may intuitively be expected that the heat flux in Btu per minute per 
unit area at given points throughout the air flow pattern should be proportional to the 
heat flow at the register outlet. This may be expressed simply as, 


Qo = 1.06 M Ato = C,VAt A-2 


where the temperature difference At is arbitrarily measured with respect to some datum 
point, say the control temperature. 
Combining Equations A-1 and A-2 and eliminating the jet velocity V, we have, 


1.06(M,Ato) = C2(CiM,)At 
or 


OGM 1. «es @ 


Equation A-3 states that temperature differences in the air flow pattern depend only 
on the supply air temperature difference and are independent of air flow rate. 

The effective temperature difference, , with respect to an arbitrarily selected control 
point at any fixed point in the air flow pattern can be considered: 


6 = At — 0.07V (Reference 2, see Terminology) —aa 


A measure of the tolerability or objectionability of draft can be established by as- 
suming the percentages of Houghte..’s subjects! reporting tolerable or objectionable 
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draft on the neck or ankle when subjected to various air temperatures and air velocities 


(see Terminology). 
The temperature difference and air velocity Equations A-1 and A-3, can be substi- 
tuted into the effective temperature difference Equation A-4 in order to obtain, 


The room heating or cooling load can be expressed by, 
Qo = 1.06 M,At, Btu per hr 


combining Equations A-5 and A-6 we have, 


Equation A-7 brings out the fact that there may be a particular air flow rate which 
will result in minimum draft (d@/dM, = 0) or in no draft (@ = 0) as the case may be. 

If the constants in Equation A-7 were determined from experiment, the air flow rate 
fer minimum draft at a given point in the air flow pattern can be found by setting 
d(@)/d(M,) = 0 as follows: 


QodM. 


and 
d0/dM, = 0 = (Q/1.06CM,?) — 0.07C, 


,/ | 


Equation A-8 can be solved for the air flow rate, (M.)m, resulting in minimum room 
draft if the heating or cooling load is known, and if the constants C and C; for the region 
containing the most objectionable draft can be evaluated. Note that minimum draft 
values are obtained from Equation A-8 only if the constant C is negative, which means 
that At in Equation A-3 is the difference in air temperature measured below the control 
temperature. 


DISCUSSION 


H. E. Straus, Urbana, IIl., (WRITTEN): This paper is of special interest because of 
the suggested indices for evaluating room air distribution. In the final analysis, the 
purpose of any study on air distribution is to predict possible comfort reactions from 
such measurable variables as velocity, temperatures and humidity. Future physio- 
logical research may show new correlating values between comfort and the measurable 
variables, but the indices show a method of using the present knowledge to estimate 
the probable comfort reactions. Especially during cooling such indices are needed to 
evaluate the performance because vertical temperature differences alone are an un- 
satisfactory index. 

In an actual installation the occupant will attempt to maintain a zero objectionability 
at some given point, and different occupants will maintain different control conditions. 
However, it is reasonable in simulated tests such as these to maintain a constant control 
temperature in the center of the room, and to evaluate the distribution by an index 
which compares the differences in conditions in various parts of the room to the con- 
ditions at the control point. It is then assumed that these same differences would occur 
even though one occupant might maintain a slightly higher or lower control temperature 
than another occupant. 
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It seems that for the foregoing assumption to be true all of the variables included in 
an index must be evaluated at the control point as well as at the draft region. In the 
indices of effective temperature difference and objectionability, the authors have not 
taken into account the velocity at the control point. The following examples show the 
effect of the control velocity on the indices: 


1. Assume the velocity at the control point to be 30 fpm and at the draft region to 
be 60 fpm and the draft region temperature to be 78 F. 

By the authors’ method the effective temperature difference between the two points 
would be 1 deg and by accounting for the velocity at the control point the difference 
would be 3 deg. This is done by using another effective temperature as a reference or 
replaces V in the authors’ equation with the difference in velocity between the draft 
region and the control point. 

2 ye the same conditions as above except that the draft region temperature is 
also 73 F. 

From Fig. 6 for the neck, the tolerability at the control point is about 95 percent and 
at the draft region about 88 percent. Because the occupant is satisfied with the con- 
trol conditions, his objectionability to the draft region would then be the difference 
between the tolerability at the two points, or 7 percent. The authors would indicate 
an objectionability of 12 percent for the draft region. 


Although, in general, accounting for the velocity at the control point would result 
in larger effective temperature differences and less objectionability than given, the 
trends shown by the authors would not be changed substantially. This change is recom- 
mended for the authors’ consideration as a possible closer link between the measurabie 
variables and comfort. 

Regarding the test data, I would like to emphasize that these data apply to a system 
utilizing high flow rates or low supply-air temperatures. For example, in Fig. 4 with 
arrangements I, III, and IV for draft region B, if the temperature difference and velocity 
curves were redrawn through the test points, they would become nearly horizontal 
below 8 air changes per hour. In other words, the linear relationships given in equa- 
tions A-1 and A-3 are true for region B only with 8 or more air changes per hour. 

From the air distribution studies conducted at the University of Illinois it was found 
that with these types of outlets with low flow rates a large stagnant layer separated 
the air in the upper and lower portions of the room. Thus at lower flow rates the 
velocities and temperatures in region B (near the floor and exposed wall) would be largely 
a result of natural convection currents, and could hardly be expected to be linearly re- 
lated to the supply-air conditions. 

The studies at Illinois have not indicated such a simple relationship between load, 
flow rate, and temperature differences as implied in Fig. 6 and Fig. 8 of the paper. 
Furthermore, the studies reported in the paper were conducted with constant area 
supply outlets and thus the separate effects of flow rate and supply-air velocity have 
not been considered. 

These data emphasize quite clearly that with different types of outlets limitations 
should be placed on the load or supply temperature and the flow rates from each type. 

| compliment the authors on their method of evaluation, and feel that they have 
presented data which can be very useful in the design of convection systems utilizing 
high flow rates 


AutuHors’ CLosurE (Professor Koestel): The authors are grateful to Mr. Straub for 
his valuable contribution to the discussion of this paper. His comments are based on 
extensive experience in room air distribution research, and should form an important 
supplement to this paper. 

The authors cannot disagree with Mr. Straub’s opinion that the control-point air 
velocity should be included in the determination of the effective temperature difference 
between control point and the draft region. However, for simplicity a quasi-control 
point was assumed to exist consisting of still air but having the measured air tempera- 
ture. This assumes that occupants are satisfied with still air at the control tempera- 
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ture and that they make their physiological draft evaluation against the assumed con- 
trol point. In other words, one can consider the occupants coming from a room having 
still air at the control air temperature and going into the test room to make their draft 
evaluation. Mr. Straub’s method of determining the control point effective tempera- 
ture would only change the way in which the draft evaluation should be pictured. This 
we believe is arbitrary. 

In the tests presented and in tests now being conducted at Case, we have found that 
buoyancy becomes important in certain areas, especially at the lower flow rates. This 
accounts for the reason the curves of Fig. 4 have not been extended below five air changes. 
We have found that velocities of 20 to 30 fpm exist in draft region B (below picture 
window) when the air change is reduced to zero. These velocities are no doubt caused 
by buoyancy, and Equations A-1 and A-3 do not apply in this region. The effect of 
buoyancy on air temperature difference when using the acoustical baffles is illustrated 
in Fig. 9 by plotting against the buoyancy parameter (M,/N)?/Ato. The horizontal 
part of the curves of Fig. 9 indicates the linear relationship between At, and Af, as 
given by Equation A-3. 
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ASHAE CODE FOR TESTING AND 
RATING HEAVY DUTY FURNACES AND 
DIRECT-FIRED UNIT HEATERS*{ 


Section I. Purpose 
Section II. Scope 


Section III. Definitions 


Warm Air Furnace 
Direct-Fired Unit Heater 
Heat Exchanger 
Combustion Chamber 
Radiator or Economizer 
Primary Heating Surface 
Secondary Heating Surface 
Firebox Liner 
Casing 

3.10 Plenum 

3.11 Kadiation Shield 

3.12 Standard Air 

3.13 Air Delivery 

3.14 Heat Input 

3.15 Heat Output 

3.16 Gross Output 

3.17 Rating 

3.18 Efficiency 

3.19 Flue Gas Loss 

3.20 Steady State 


Section 'V. Rating Limits 


4.1 Flue Gas Temperature 

4.2 Heat Exchanger Surface Temperature 
4.3 Casing Surface Temperature 

4.4 Carbon Monoxide in Flue Gas 

4.5 Temperature Rise 


CONTENTS 


Section V. Testing Equipment 


5.1 
5.2 


5.3 
5.4 
5.5 
5.6 
5.7 
5.8 
5.9 


Test Specimen Selection 

Heat Exchanger Surface Temperature 
Measurement 

Casing Surface Temperature Measurement 
Flue Gas Temperature Measurement 

Flue Gas Analysis Apparatus 

Draft Measurement 

Inlet Air Temperature Measurement 
Discharge Air Temperature Measurement 
Oil Fuel Measurement 


5.10 Oil Fuel 

5.11 Gas Fuel Measurement 

5.12 Oil Fuel Pressure Measurement 
5.13 Gas Fuel Pressure Measurement 
5.14 Fan Speed Measurement 

5.15 Energy to Fan Measurement 


Section VI. Testing Procedure 


Setup for Test 
Preliminary Operation 
Testing Operation 
Physical Data 

Test Readings 
Computations 


Section VII. Rating Procedure 


7.1 
7.2 
7.3 


Ratings for Oiland Gas Burning Furnaces 
Air Delivery 
Ratings for Solid Fuel Burning Furnaces 


* Adopted 1955 by the AMERICAN SociETy OF HEATING AND Arr-CONDITIONING ENGINEERS, New York, 


t This Code was prepared by the ASHAE Committee on Code for Testing and Rating Heavy Duty 
Furnaces: E. K. Campbell, Chairman; Bowen Campbell, R. S. Dill, A. P. Loeb, C. J. Low, W. J. MaGirl, 
B. F. McLouth, F. L. Meyer, L. G. Miller, A. A. Olson, H. A. Pietsch, O. J. Ress, H. A. Soper. 
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SECTION I-—-PURPOSE 


This code describes an apparatus and proposed procedure for testing and rating 
heavy duty warm air furnaces and direct-fired unit heaters. 


Section II—Scope 


The code is applicable to forced warm air furnaces and direct-fired unit heaters 
having output ratings in excess of 250,000 Btu per hr, and designed for use with 
various solid, liquid, or gaseous fuels interchangeably or with a single fuel for 
commercial, industrial, or heavy duty use. 

Other requirements are available for central heating ap vliances, domestic con- 
version burners, and unit heaters, as defined in American Standard Installation of 
Gas Piping and Gas Appliances in Buildings, ASA Z 21.30, 1954 (NBFU Pamphlet 
54). Such other requirements when applicable should be used instead of this code. 


Section III—DEFINITIONS 


3.1 A Forced Warm Air Furnace is a device whereby air, heated by combustion 
of a fuel, is delivered to a building through a system of ducts; the essentials of such 
a furnace are a casing, a heat exchanger, and fuel burning means such as grate 
bars or stoker for solid fuel, an oil burner or gas burner, and a fan. 


3.2 A Direct-Fired Unit Heater is a forced warm air furnace that delivers warm 
air to the space being heated without the use of a duct system. Turning elbows, 
stub ducts, or deflecting vanes to direct the discharge of the warmed air are typical 
parts of unit heaters. 


3.3 The Heat Exchanger consists of a combustion chamber and any auxiliary 
heating surface enclosed with it in the same casing. 


3.4 The Combustion Chamber is that enclosure in which fuel or gaseous deriva- 
tives of fuel are burned. 


3.5 Radiator or Economizer is a term often used to designate a metal enclosure 
within the same casing as the combustion chamber to which it is connected to form 
auxilliary heating surface. 


3.6 Primary Heating Surface is that portion of the heat exchanger exposed to 
direct radiation from the fire. (The heat transfer surfaces of the combustion 
chamber are often called primary heating surfaces although this definition may nvt 
be exact.) 


3.7 Secondary Heating Surface is that portion of the heat exchanger not ex- 
posed to direct radiation from the fire. (The surface of the radiator or other 
auxiliary heating surface is often called secondary heating surface although this 
definition may not be exact.) 


3.8 The Firebox Liner is that metal or ceramic material installed near the bot- 
tom of the combustion chamber to shield it from the heat and chemical action due 
to primary combustion. 


3.9 The Casing is that structure which encloses the heat exchanger and forms a 
passage around it for the air being heated. The fan is either connected to the cas- 
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ing or enclosed within it. In this latter condition the return air passes through 
the casing to reach the fan. 


3.10 The Plenum: is that part of the casing from which the warm air ducts receive 
heated air. The upper part or top of the casing is also called the bonnet. 


3.11 A Radiation Shield is a metal sheet or plate supported between the heat 
exchanger and the casing to protect the casing from the heat radiating from the 
heat exchanger. 


3.12 Standard Air is air with a density of 0.075 lb per cu ft. This is approxi- 
mately the weight of dry air at 70 F or of air with 50 percent relative humidity at a 
dry bulb temperature of 68 F when the barometric pressure is 29.92 in. of mercury. 
The specific heat is assumed to be 0.240 Btu per (Ib) (F deg) for purposes of this 
code. 


3.13 The Air Delivery is the rate of discharge of standard air in cubic feet per 
minute (cfm) from the furnace or unit heater casing outlet or outlets. 


3.14 The Heat Input is the gross heating value of the fuel supplied to the furnace 
or unit heater expressed in Btu per hour. 


3.15 The Heat Output is the heat input less the flue gas loss expressed in Btu 
per hour. 


3.16 The Gross Output is the highest output obtained under test conditions 
described in Section V without exceeding one or more of the rating limits stated 
in Section IV. 


3.17 The Rating of a furnace or unit heater is an output, equal to or less than 
the gross output, which may be selected by the manufacturer for publication. 


3.18 The Efficiency is the ratio of the output to the input expressed in percent. 


3.19 The Flue Gas Loss is the heat escaping in the flue gases. It includes the 
sensible heat in the dry gases, the latent heat of the water vapor in the flue gases 
and the heating value of any unburned combustible in the flue gases.* 


3.20 Steady State is defined for purpose of this code as operation of the furnace 
or unit heater under such conditions that the air temperature rise does not vary by 
more than 3 deg, and neither the fuel input rate nor the flue gas loss varies by more 
than 3 percent at any time during the test. 


SecTION 1V—RarinG LimITs 


The rating limits which determine the Gross Cutput are given in paragraphs 
4.1 to 4.5. 


4.1 Flue gas temperature shal! not exceed the inlet air temperature by more than 
730 deg. Itshall not be less than 300 deg above the inlet air temperature. 


4.2 The heat exchanger surface temperature at any point shall not exceed 
the inlet air temperature by more than 930 deg if the surface is grey iron casting 
or low carbon steel. Higher spot temperatures are permitted when evidence is 


* Note: No CO permitted in test. See Section IV, Paragraph 4.4. 
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presented that the metal will withstand them. Spot temperatures for alloy and 
stainless steels shall not exceed a temperature which is 100 deg below the scaling 
temperatures shown in Table 1 unless scaling temperatures from other reliable 
sources are furnished by the manufacturer. 


4.3 The casing surface temperature shall not exceed the ‘:1'et air temperature 
by more than 90 deg when the casing temperature is c*:1:ea as described in 
Section V, except at points within 6 in. of the flue outlet collar or other openings 
through the casing. 


TABLE 1—PUBLISHED SCALING TEMPERATURE OF VARIOUS TYPES OF ALLOY 
AND STAINLESS STEELS* 


TYPE SCALING TEMPERATURE 
302 1600 
303 1600 
309 2000 
310 2000 
316 1650 
321 1600 
347 1600 
410 1250 
416 1250 
430 1500 
446 1900 


4.4 Carbon monoxide (CO) shall not be present in the flue gases in quantities 
measurable with the three-pipette Orsat apparatus required in Section V. 


4.5 The temperature rise of the air shall not be less than 50 deg, nor more than 
85 deg. A steady state with reference to temperature rise shal! prevail throughout 
the test. Manufacturer shall state the intended or design temperature rise in the 
test report. 

SecTION V—TEsTING EQUIPMENT AND METHOD 


5.1 The specimen tested shall be either the identical furnace or unit heater to 
which the rating is to apply or a representative sample and true duplicate of fur- 
naces or of unit heaters regularly produced by the manufacturer. 


5.2 The heat exchanger surface temperature shall be measured by means of 
at least 10 thermocouples attached to it at the hottest areas. The thermocouples 
shall be about one foot apart and may be attached by welding, brazing or peening. 


5.3 Casing surface temperatures shall be measured by means of a contact 
thermocouple. This thermocouple shall be attached to the center of a disc of 
thermal insulating material not less than 3%-in. in diameter. 


5.4 Flue gas temperature shall be measured by means of a thermocouple grid 
placed in the flue pipe within one foot of the flue outlet collar. The grid shall con- 
sist of at least 6 thermocouples in a plane normal to the gas flow. The thermo- 
couples shall be regularly spaced on a circle concentric with the flue pipe and hav- 


* From Metals Handbook, 1948 Edition, Table VII, p. 556. 
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ing a radius of two-thirds of that of the flue pipe. There shall be no draft regula- 
tor, damper, opening, or exhaust fan between the furnace and grid during the test. 


5.5 A three-pipette Orsat apparatus shall be provided for determining the 
proportions of carbon dioxide, oxygen, and carbon monoxide in the flue gas. It 
shall be connected to draw samples from the flue pipe at the plane of the thermo- 
couple grid. 


5.6 A liquid manometer or a calibrated gage shall be provided for measuring 
the draft. The draft shall be measured in the flue pipe, near the smoke collar, and 
also in the combustion chamber. 


5.7 The inlet air temperature shall be measured with one or more thermo- 
couples located in the air intake, upstream from the fan. 


5.8 The discharge air temperature shall be measured by means of a thermo- 
couple grid installed in the outlet duct in a plane normal to the air flow with one 
thermocouple in each 36 sq in. segment of the duct area. More than 40 segments 
shall not be required, but where 40 segments are needed they shall be rectangles 
of equal area. There shall be an elbow followed by a duct having a length equiva- 
lent to at least four elbow diameters (or heights) long between the furnace and the 
grid to protect the thermocouples from heat exchanger radiation. 


5.9 Oil fuel shall be weighed by means of a scale having a precision equal to at 
least one percent of the fuel burned per hour. The fuel suction line shall be sus- 
pended free from the container during the weighing operation. 


5.10 Oil fuel used for the test shall be of approximately 35 API degrees at 
60 F. See National Standard Petroleum Oil Tables, National Bureau of Standards, 
Circular 410 and Publication M-97. (See extracts in Tables 2 and 3). 


5.11 Gas fuel shall be measured with a calibrated meter. 


5.12 Fuel pressure for oil burning furnaces shall be measured ahead of the 
nozzle with no valve or other restriction between the nozzle and the gage connec- 
tion. 


5.13 Fuel pressure for gas burning furnaces shall be measured at the meter 
and in the burner manifold (or as near the burner orifices as practicable). 


5.14 Fan speed and motor speed shail be determined with a revolution counter, 
a tachometer or a stroboscope. 


5.15 The energy input to the fan motor shall be measured with suitable meters. 


SEcTION VI—TEsSTING PROCEDURE 


6.1 The furnace or unit heater shall be assembled in accordance with the 
manufacturer's instructions and fitted with testing equipment as described in 
Section V. 


6.2 The furnace or unit heater shall be operated during a preliminary period 
to determine maximum firing rate and air temperature rise for its maximum out- 
put as defined in paragraph 3.16. 


6.3 The furnace or unit heater shall be operated, following the preliminary 
period, at steady state conditions for a period of at least two hours at a selected 
output equal to or less than its maximum output. 
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6.4 Data to identify the device tested shall be entered as items 1 to 6 in Section 
A, Physical Data of the Furnace or Unit Heater Test Report. Fuel data and the 
manufacturer’s rating data shall be entered as items 7 to 10 in Section B, Fuel 
and Rating Data. 


6.5 Test readings shall be recorded as items 13 to 30.1 in Section C, Test Read- 
ings. 


6.6 Computations shall be made in accordance with Section D, Computations 
and Results, and entered as items 31 to 38. 
SEcTION VII—RATING PROCEDURE 


7.1 The furnace rating shall be calculated in accordance with item 37 of 
Section D, Computations and Results. 


7.2 Air delivery shall be calculated in accordance with item 38 of Section D, 
Computations and Results. 


7.3 The rating of the furnace or unit heater for burning solid fuel shall not ex- 
ceed its rating for burning oil fuel. Tests for ratings with solid fuel are not re- 
quired. 


FURNACE OR UNIT HEATER TEST REPORT 
Section A—Physical Data 


2.1.2 Extended Surface Affixed to Combustion Chamber................ sq ft 
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Section B—Fuel and Rating Data 
7.3 secs at 100 F 
10.4 Fan or Blower Motor Power (Name Plate)...............0000.0+ss000e hp . 
Section C—Test Readings 
Date of Test 
* Test sheet should provide space for 20 min. observations, 2-hr steady state test, and include column 
for total or average. 
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18. 

18.1 
18.2 
18.3 
18.4 


19. 
20. 
21. 
21.1 
21.2 
21.3 


22. 
22.1 


23. 
23.1 
23.2 


24. 
25. 
26. 
26.1 
26.2 
26.3 
26.4 


27. 


31.1 
31.2 


Gas Consumption (corrected to 60 F & 30 in. Hg)...................000. cu ft 
Flue Gas Temperature Rise (Item 22 — Item 24)...................04. °F 
Oil Burner Motor Energy Consumption................ccccceccecceccees whr 
Heat Exchanger Surface Temperature Rise (Item 29 — Item 24)........ °F 
Casing Surface Temperature Rise (Item 30 — Item 24)................ bs 


Section D—Computations and Results 


Heat Input, H (Fuel Burned per hour X gross heating value).......... Btu/hr 


Heat Release per cu ft of Combustion Chamber Volume 

Item 26.1 X Item 26.2 

Item 10.5 X Item 10.6 


Fan Power Consumption (estimated) (Item 10.4) X 


Air Temperature Rise through Furnace (Item 25 — Item 24).............. deg 

Flue Gas Loss (Apply Items 21.1 and 22.1 to Fig. 1 for oil or to Fig. 2 for gas 

Gross Output (Item 31 K Item Btu/hr 
. Item 37 

Air Delivery (Standard Air) Trem cfm 
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28. 
29. 
29.1 
30. 
30.1 
32. 
33. 
34. 
35. 
36. 
37. 

38. 
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TABLE 2—CALORIFIC VALUES FOR FUEL OIL® 


Decrees API at 60 F DENSITY, LB/GAL Bru/LB Bru /GAL 
24 7.587 19,190 145 ,600 
25 7.538 19,230 145 ,000 
26 7.490 19,270 144,300 
27 7.443 19,310 143,700 
28 7.396 19,350 143,100 
29 7.350 19,380 142,500 
30 7.305 19,420 141,800 
31 7.260 19,450 141,200 

2 7.215 19,490 140 ,600 
33 y ee 19,520 140 ,000 
34 7.128 19,560 139,400 
35 7.085 19,590 138,800 
36 7.043 19,620 138,200 
37 7.011 | 19,650 137,600 
38 6.960 | 19,680 137 ,000 
39 6.920 | 19,720 136,400 
40 6.879 19,750 135,800 
41 6.839 19,780 135,200 
42 6.799 | 19,810 134,700 


® The above figures are from National Bureau of Standards Miscellaneous Publication M97 (Table 6). 


TABLE 3—CORRECTION TO STANDARD API DEGREES AT 60 F* 


OBSERVED OBSERVED DEGREES API 
TEMP 
oF OIL | | | | 
F 24 | 25 | 26 27 | #28 #| 29 30 a | & | 33 
50 24.6 | 25.6 | 26.6 | 27.6 | 28.7 | 29.7 | 3.7 | $1.7 | 32.7 | 33.7 
60 24.0 | 25.0 | 26.0 | 27.0 | 28.0 | 29.0 | 30.0 | 31.0 | 32.0 | 33.0 
70 23.4 | 24.4 | 25.4 | 26.4 | 27.3 | 28.3 | 29.3 | 30.3 | 31.3 | 32.3 
80 22.8 | 23.8 | 24.8 | 25.7 | 26.7 | 27.7 | 28.7 | 29.6 | 30.6 | 31.6 
90 22.2 | 23.2 | 24.2 | 25.1 | 26.1 | 25.1 | 28.0 | 29.0 | 30.0 | 30.9 
100 21.6 | 22.6 | 23.6 | 24.5 25.5 | 26.5 | 27.4 | 28.4 | 29.3 | 30.3 
OBSERVED OBSERVED DEGREES API 
TEMP 
oF OIL | | | | 
F | 34 35 | 36 37 38 | 39 | 40 | 41 42 
50 34.7 | 35.7 | 36.7 | 37.7 | 38.8 | 39.8 | 40.8 | 41.8 | 42.8 
60 34.0 | 35.0 | 36.0 | 37.0 | 38.0 | 39.0 | 40.0 | 41.0 | 42.0 
70 | 1 | | | 39.2 | 40.2 | 41.2 
80 32.6 | 33.6 | 34.6 | 35.5 | 36.5 | 37.5 | 38.4 | 39.4 | 40.4 
90 it 31.9 | 32.9 | 33.8 | 34.8 35.8 | 36.7 | ae. | aed | 39.6 
100 31.3 | 32.2 | 33.2 | 34.1 | 35.1 | 36.1 | 37.0 | 37.9 9 38.9 
| | | 


* From National Standard Petroleum Oil Tables, Circular C410 National Bureau of Standards, March 
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Memoriam 1955 


NAME 


Roger W. Booth, Colorado Springs, Coio. 
Vernon R. Brown, Ft. Worth, Tex. 

James H. Carbone, New York, N. Y. 
Fulton W. Clare,* Atlanta, Ga. 

George H. Dahlquist, Chicago, III. 

Calvin R. Davis, St. Louis, Mo. 

Roderick I. Dennis, Toronto, Ont., Canada 
Edward L. Fox, Wyoming, III. 

Francis J. Fox, Minneapolis, Minn. 


W. J. Fritz, Seattle, Wash. 


Walter E. Gillham (Life Member and Treasurer 1926-29), 


Santa Barbara, Calif. 
Tony M. Ginn, Great Falls, Mont. 
Merlin J. Hauan, Seattle, Wash. 
George W. Hubbard (Life Member), Chicago, IIl. 


Charles H. Jackson (Life Member), Milwaukee, Wisc. 


David S. Jacobus (Life Member), Montclair, N. J. 


Edward B. Johnson (Life Member), New York, N. Y. 


John W. Jungels, Chicago, III. 

James C. Kennedy,* Syracuse, N. Y. 

W. A. Kopp, Phoenix, Ariz. 

Theodore E. Luzzi, New York, N. Y. 
Harry B. Matzen, West Palm Beach, Fla. 


* Died in 1954 but Society not notified until 1955. 


JOINED 


1949 
1952 
1937 
1927 
1953 
1927 
1953 
1948 
1945 
1952 


1917 
1935 
1933 
1911 
1923 
1916 
1919 
1947 
1945 
1949 
1944 
1940 
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Jn Memoriam 1955 
(continued) 
NAME JOINED 
James H. Milliken, Chicago, III. 1923 
Leigh E. Nelson, Decatur, Ind. 1950 
Vernon C. Page, Birmingham, Mich. 1936 
George E. Perras, Montreal, Que., Canada 1936 
Arthur L. Philastre, Kinston, N. C. 1950 
Arthur L. Pistor, Montebellow, Calif. 1953 
Philip R. Pullen, Rapid City, S. D. 1951 
William J. Rapp, Indianapolis, Ind. 1953 
Fred J. Scherger, Detroit, Mich. 1942 
Claude B. Schneible, Detroit, Mich. 1950 
William B. Schuler, Rock Island, IIl. 1947 
William G. Seyfang, Buffalo, N. Y. 1939 
C. B. Skinner, Jr., New Orleans, La. 1954 
L. E. Slawson, Cleveland, Ohio 1938 
Robert E. Stuff, Milwaukee, Wisc. 1949 
Walter J. Teme, Kalamazoo, Mich. 1931 
Leo A. Tilfor jackson, Mich. 1941 
Alf Tjersland (Life Member), Oslo, Norway 1906 
Hill A. Tolerton, Canfield, Ohio 1944 
Richard Y. C. Tom, Beloit, Wisc. 1954 
Willard F. Uhl (Life Member), Minneapolis, Minn. 1918 
Ephraim A. Vanderslice, Haddonfield, N. J. 1950 
Paul J. Vincent, Baltimore, Md. 1931 
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